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ABSTRACT 
DENSITY-RELATED FACTORS AFFECTING POPULATION QUALITY IN THE 
GYPSY MOTH, LYMANTRIA DISPAR (L.) (LEPIDOPTERA: LYMANTRIIDAE) 
(May, 1985) 
David R. Lance, B.A., University of Connecticut 
M.S., Ph.D., University of Massachusetts 
Directed by: Professor J. S. Elkinton 
During outbreaks of the gypsy moth Lymantria dispar (L.), 
larvae remain in the canopy and feed on and off throughout the day 
and night. In low-level populations, late instar larvae feed 
nocturnally and spend the day resting in protected sites away from 
the foliage. Development is 1-3 weeks faster during outbreaks, but 
the resulting adults are smaller and less fecund compared to those 
in low-level populations. 
Aside from the difference in feeding rhythms, larval feeding 
and food-seeking behaviors in the field were found to be fairly 
similar regardless of population density; however, during 
outbreaks, larvae fed in shorter bouts and switched feeding sites 
relatively frequently. In 24 h laboratory tests, field-collected 
fifth instars maintained feeding rhythms that were characteristic 
of their source populations. 
In the laboratory, pupal weights declined when larvae were 
crowded, deprived of food on alternate days, or reared either on 
leaves from heavily defoliated sites or on artificial diets that 
vm 
contained tannic acid (TA). Starvation and TA also slowed 
development rates. When larvae were reared on leaves from trees 
defoliated in the previous year, exposed to several other 
density-correlated stress treatments, or field-collected (as eggs) 
from different-density populations, development was similar to that 
of control insects. 
When reared individually in the laboratory, late-instar larvae 
conducted 55-78% of their feeding during the scotophase (16:8 LD) . 
Feeding rhythms were not affected significantly when larvae were 
crowded, collected as eggs from different-density populations, or 
exposed to sublethal doses of virus (NPV); however, late-instar 
larvae conducted a significantly lower proportion of their feeding 
at night when they were reared either on diet containing TA or on 
leaves from a heavily defoliated site. Defoliation-related 
declines in leaf quality appear to cause the gypsy moth's 
density-related shift in feeding rhythms. 
On sunny days in the field, body temperatures of late instar 
larvae were several degrees higher at outbreak sites than they were 
in low-level populations. In the laboratory, larvae developed 1-2 
weeks faster when exposed to simulated "outbreak" temperature 
regimes rather than simulated "low-density" temperatures; 
temperature differences alone account for the rapid development 
during outbreaks. 
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CHAPTER I 
INTRODUCTION 
Statement of the Basic Problem 
The gypsy moth, Lymantria dispar (L.), was introduced 
accidentally into North America in the late 1860's by a French 
naturalist who was intent on creating a more viable strain of 
silkworm. Since that time, the gypsy moth has spread to infest 
most of the northeastern United States. Its populations 
periodically reach outbreak proportions and defoliate vast areas of 
deciduous woodland. Within these outbreaks, the biology of the 
larvae is different than in low-level, or innocuous, populations. 
For example, larvae in high-density populations remain in the 
forest canopy and feed on and off throughout the day and night; in 
innocuous populations, late instar larvae feed exclusively 
nocturnally and spend the day resting in protected sites away from 
the foliage (e.g. under bark flaps, on the undersides of large 
limbs, in crevices on boles, or in the litter; see Chapters III and 
V) . Also, larvae in outbreaks complete their development 1-3 weeks 
ahead of those in low-density populations, but they develop into 
small adults which produce relatively few eggs (see Chapters IV, VI 
and VII). These density-related differences in gypsy moth biology, 
and the causitive factors behind them, are the subject of this 
dissertation. When viewed within the context of the insect's life 
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history, these types of differences are major factors associated 
with the initiation and decline of gypsy moth outbreaks. 
2 
Life History and Population Dynamics 
Gypsy moths are univoltine early—season defoliators of 
numerous forest and shade tree species. Adult gypsy moths are 
short-lived and do not feed. In the United States and western 
Europe, females are macropterous but incapable of flight. Females 
begin releasing a sex pheromone within a few hours of eclosion; 
they normally mate only once and then deposit their full complement 
of eggs into a single mass covered with buff-colored abdominal 
setae. Accordingly, the egg masses are usually deposited on a 
suitable substrate (e.g. tree bark, fallen timber, rocks) within a 
few meters of the pupation site. 
The eggs hatch the following spring during the period when 
buds are breaking on forest trees. First instars climb the tree 
(or other oviposition substrate) and attempt dispersal by dropping 
on silk threads and becoming airborne ("ballooning"). The number 
of times that larvae attempt ballooning is variable, but most first 
instars go through at least one dispersal episode (McManus 1973) . 
The larvae are solitarily feeders that pass through five (male) or 
six (female) stadia, although extranumerary molts are common among 
stressed individuals (Leonard 1969). They then pupate in sites 
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similar to those in which they rested as larvae. Adults emerge 
after about two weeks. 
According to Campbell and Sloan (1977), gypsy moth populations 
could be maintained indefinitely at innocuous levels through 
density-dependent predation, primarily on the part of small 
vertebrates. A complex of parasitoids also attacks all immature 
stages of the gypsy moth, but it appears to be incapable of 
controlling population levels. Further, in some innocuous 
populations, predation acts in a density-independent fashion, 
allowing gypsy moth populations to build (Campbell 1976) . The key 
to the population trends appears to lie in the survival of late 
instar larvae and pupae. In low-density populations, late instars 
leave the foliage to seek daytime resting sites, and they tend to 
rest in the first suitable site they encounter as they descend the 
tree (McManus and Smith 1984). When available, larvae use bark 
flaps or similar structural features on trees; otherwise, they 
descend to the litter. Because predation is more intense in the 
litter than it is under bark flaps (Campbell and Sloan 1976) , 
forest stands will tend to harbor higher resident gypsy moth 
populations if they contain relatively large numbers of appropriate 
structural features (Houston and Valentine 1977). If the resident 
population level is higher than the number of insects that local 
predators can consume, predation becomes ineffective at stopping 
the population from increasing to its food-limited carrying 
capacity. Within a given site, severe defoliation normally occurs 
for only 1-2 years before the populations collapse. A 
nucleopolyhedrosis virus and several other disease agents are the 
most important mortality factors in outbreak populations (Bess 
1961, Campbell 1963). 
First instar dispersal is thought to be important in the 
initiation and maintenance of area-wide outbreaks (Mason and 
McManus 1981); in stands adjacent to outbreaks, the numbers of 
first instars present may be much greater than the previous numbers 
of eggs (Campbell 1967). Thus, patchy defoliation can be common 
within a broad region for a period of ten years or more. In 
contrast, when an entire region is relatively uniformly defoliated, 
the area-wide outbreak tends to collapse fairly rapidly (Campbell 
and Sloan 1978a). 
Relations with Host Plants 
The gypsy moth has been observed to feed, at least to some 
extent, on over 500 species of plants (Forbush and Fernald 1896, 
Mosher 1915, Doskotch et al. 1981). Despite this apparent 
polyphagy, highly suitable food is provided by a relatively narrow 
range of tree species. The oaks (Quercus spp.) are the primary 
hosts of North American gypsy moths. With certain exceptions, 
feeding on species other than oaks causes declines, to various 
degrees, in relative survival, development rate and fecundity 
(Hough and Pimentel 1978, Barbosa and Greenblatt 1979). 
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Adult females do not fly or actively select host plants, and 
larvae are the primary agents of host selection (Lance 1983). 
Initially, first instars attempt air-borne dispersal more 
frequently when they encounter poorer quality food (Lance and 
Barbosa 1981). Host quality can be affected by phenology (Feeny 
1970) as well as inter- and intraspecific variation in foliage 
quality (Hough and Pimentel 1978, Wallner and Walton 1979) . Later 
instars also are more active in the presence of poorer quality 
foliage (Lance and Barbosa 1982), and they apparently leave less 
preferred hosts relatively quickly (Rossiter 1981). Once stand 
composition is taken into account, larvae of all ages encounter 
hosts randomly with respect to tree species (Lance and Barbosa 
1982). Larvae effect host selection by remaining longer on more 
preferred hosts. Thus, feeding is concentrated - but not 
exclusively - on the more preferred species. Within given areas, 
lower percentages of preferred hosts are accompanied by higher 
rates of tree-switching and lower relative proportions of feeding 
on highly suitable species. Accordingly, outbreaks are most likely 
to occur in stands that are dominated by oak (Houston and Valentine 
1977). When these oaks possess structural features that provide 
suitable daytime resting sites, inter-tree movement is further 
reduced, and larvae feed more exclusively on highly preferred food 
(Lance and Barbosa 1982). 
Regardless, the distribution of larvae often becomes less 
skewed toward preferred hosts as larvae mature and pupate 
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(Mauffette and Lechowicz 1984). This apparent redistribution may 
result from any of several (unsubstantiated) factors, including the 
distribution of available daytime resting sites (Lance 1979) , 
indirect host-related variation in survival (e.g. presence of 
synomones used by parasitoids, or induction of resistance to virus) 
(Rossiter 1981), localized density-dependent mortality processes 
(Mauffette and Lechowicz 1984), and the increase in apparent 
polyphagy that occurs during larval development (Mosher 1915). 
These factors also may help explain why egg masses often are found 
on non—host material or on hosts that do not provide acceptable 
food for first instars. 
Recently, oak leaf quality has been shown to decline in 
response to severe defoliation. Foliar tannins build up, leaf 
toughness increases (Schultz and Baldwin 1982), and the balance of 
nutrients becomes altered (Valentine et al. 1983). Survival, 
development rate and fecundity have been shown to decline when 
larvae develop on leaves of artificially defoliated trees (Wallner 
and Walton 1979). However, the impact of defoliation-induced 
changes in leaf quality has not been quantified with respect to the 
population dynamics of the gypsy moth or other forest defoliators 
(see Myers and Williams 1983, Williams and Myers 1984) . Chapters V 
and VI address how defoliation-related changes in food quality 
affect the behavior and development of gypsy moth larvae. 
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Responses to Crowding and Starvation 
Lepidopterous larvae exhibit a wide range of responses to 
crowding and crowding-related environmental variables. These may 
include decreases in development rate (Iwao 1962, Drooz 1966) , 
increases in development rate (Long 1953, Zaher and Long 1959, Iwao 
1962), reductions in size (Long 1953, Iwao 1962, Drooz 1966) , 
increases in activity levels (Long 1953), increases in survival and 
viability, and changes in coloration (Iwao 1962) . Iwao (1962) 
proposed that the ecology of a species is closely related to the 
way its larvae respond to crowding. For gregarious species or 
species prone to outbreaks, he suggested that increases in density 
typically would be accompanied by increases in metabolic rate, 
development rate and voraciousness; for species whose larvae are 
solitary, increased density would decrease development rate and 
fecundity. 
Gypsy moth larvae normally are solitary feeders; however, 
during outbreaks, several thousand larvae may be present on an 
individual tree. In field populations, larval development time and 
pupal weight decline with increases in gypsy moth population 
density. In an attempt to explain this density-correlated 
variation, a number of workers subjected larvae to crowding in the 
laboratory. In general, pupal weights decline with increased 
rearing density (Hofmann 1933, Leonard 1968, Kireeva 1978). 
Because fecundity is correlated with female pupal weight, Campbell 
(1978) suggested that the relationship between density and pupal 
weight represents a mechanism of numerical self-regulation. 
Crowding has had a poorly defined effect on development rate. For 
example, Leonard (1968) documented a slight crowding-induced 
increase in development rate; however, in a parallel test (same 
paper), he subsequently recorded slower development in response to 
high rearing density (see Results and Discussion, Chapter VII). 
The available crowding data do not explain the gypsy moth's 
density-correlated increase in development rate. Alternatively, it 
may be a response to the environmental changes that accompany 
defoliation, along with density-related shifts in larval 
microhabitat choice. These relationships are addressed in Chapter 
VII. 
In some instances, crowding of gypsy moths has been 
accompanied by changes in coloration, e.g. darker larvae (Kireeva 
1978) or lighter adults (Leonard 1968). The significance of these 
color "phases” is unclear - they may be ecologically meaningless 
manifestations of physiological changes that are brought on by 
stress. In the field, increases in population levels also are 
accompanied by a number of behavioral changes (see Chapter III) . 
The most pronounced of these is a shift in feeding rhythms from 
nocturnal feeding in innocuous populations to relatively arrhythmic 
feeding in areas where defoliation approaches 100%. 
During severe gypsy moth outbreaks, foliage can become 
exhausted both on a local scale and over broad (stand-wide) areas. 
In laboratory tests, starvation has induced extranumerary molts and 
typically reduces pupal weight (Kopec 1924, Leonard 1970a). Kopec 
(1924) found that larvae pupated 1-2 days earlier than normal when 
their food was withdrawn during the last third of the final 
instar. This finding may appear to suggest that, during outbreaks, 
starvation "forces" larvae into early pupation. This is highly 
unlikely; to decrease development time by the 2-3 weeks observed in 
the field, the effects of starvation would have to be imposed 
throughout the lives of the larvae; however, chronic or continual 
shortages of food cause development time to increase by as much as 
60% (Kopec 1924). When starvation occurs for short periods in the 
early stadia, its effect on development rate is negligible (Leonard 
1970a). 
Currently, little is known of the specific density-related 
environmental changes that actually bring about density-correlated 
variation in insects (Peters and Barbosa 1977). For example, the 
behavioral and developmental changes that accompany gypsy moth 
outbreaks could be responses to any of a number of factors, 
including increased interlarval contact, pheromones, changes in the 
availibility or quality of food, increased incidence of disease, or 
defoliation-related alteration of microhabitats. On an a priori 
basis, these changes also could arise as "immediate" responses to 
the environment, could be manifestations of longer-term 
stress-induced alterations in the physiology of the larvae, or 
could indicate that gene frequencies shift when gypsy moth 
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populations build rapidly. Difficulties in elucidating 
density-related processes have stemmed from a number of problems, 
i.e. (1) failure to identify quantifiable traits that are related 
specifically (alone or in combination) to increases in population 
density in the field, (2) problems in correlating the environments 
and results of laboratory experiments to the field situation, and 
(3) inability to independently manipulate the various components of 
the field environment. For the gypsy moth, feeding rhythms, pupal 
weights and development times are quantifiable in the field and 
vary with population density. In other studies, the results of 
laboratory tests have been closely correlated to behavioral rhythms 
in the field (e.g. Lance et al. 1980). In Chapters IV-VII, feeding 
rhythms (based on the findings of Chapters II and III) , development 
rates and pupal weights are quantified for gypsy moths that were 
subjected to individual components of density-related stress. 
Insect Quality 
The term "quality" has been used to refer to individual 
variation in the overall physiological states of insects. Insect 
quality has a genetic component, but it also can be strongly 
affected by such environmental influences as diet quality, crowding 
and the physical environment. Further, certain aspects of these 
non-genetic variables may affect the quality of subsequent 
generations through "maternal influences" (Wellington 1965, 
11 
Capinera and Barbosa 1977). Insect quality encompasses such overt 
variation as wing and phase polymorphisms, but also includes less 
obvious differences that can affect viability, vagility, fecundity, 
behavior and other traits. Thus, when integrated to "population 
quality", it can have a strong bearing on local population trends 
(Wellington, 1977). 
Wellington (1957, 1964, 1965) explained certain aspects of 
western tent caterpillar (Malacosoma pluviale Dyar) population 
dynamics through changes in population quality. Some western tent 
larvae are very vigorous and readily locate feeding sites; others 
are more sluggish and have difficulty finding (or actually cannot 
find) their own food (they typically follow the more active larvae 
to food). Both types of larvae typically are produced by a given 
egg mass and thus are found within a single colony. The more 
active larvae produce adults that are more prone to emigration. 
Further, these active adults produce a relatively high proportion 
of active-type larvae (Wellington 1964, 1965). Theoretically, 
colonies within an area will contain high proportions of 
active-type individuals during and soon after colonization; 
however, without further immigration, the quality of the population 
deteriorates over time until local extinction occurs. Wellington 
(1965) proposed that this maternal effect was mediated variation in 
maternal nutrition, but upon subsequent reanalysis (Papaj and 
Rausher 1983), his data were not found to support this claim. 
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Leonard (1969, 1970b) used a similar argument in an attempt to 
explain fluctuations in gypsy moth populations. During outbreaks, 
the shift in larval feeding behavior was thought to cause females 
to have fewer nutrients available for deposition into each of their 
eggs. He hypothesized that first instars from nutrient-deficient 
eggs would be highly prone to attempting air-borne dispersal, thus 
reducing local populations. These larvae also appeared to be prone 
to extranumerary molts and, once dispersed, would develop into 
large, highly fecund adults (i.e. good colonizers). 
Various aspects of Leonard's hypothesis have been contradicted 
by data from field and laboratory studies. Capinera and Barbosa 
(1976, 1977) and Wallner and Walton (1979) developed evidence that 
population quality may be determined primarily by diet, but females 
with high quality diets appear to produce relatively large 
proportions of larvae with a high tendency to disperse (Capinera 
and Barbosa 1976, Lance and Barbosa 1981). Also, Greenblatt and 
Barbosa (1980) recorded an inverse relationship between the size of 
laboratory-reared gypsy moth pupae and the population densities at 
the sites from which those insects were collected as eggs. When 
viewed in conjunction with developmental data (Wallner and Walton 
1979, Valentine et al. 1983), these findings further suggest that 
defoliation-induced declines in leaf quality may have profound 
effects on the ecology of the gypsy moth. Chapters V and VI 
contain more detailed discussions of host defoliation and 
population quality. 
CHAPTER II 
TWO TECHNIQUES FOR MONITORING FEEDING OF LARGE LARVAL 
LEPIDOPTERA, WITH NOTES ON GYPSY MOTH FEEDING RHYTHMS 
Introduction 
Several techniques have been developed to record insect 
feeding activity automatically and continuously. For leaf-chewing 
insects, feeding has been monitored by electronically detecting 
feeding-related displacements of leaves (Kogan 1973, Jones 1979). 
For species with piercing-sucking mouthparts, changes in 
conductivity of the insect-to-substrate system have been related to 
probing, salivation and ingestion. The use of the latter technique 
involves either attaching a fine wire to the insect or allowing the 
insect to feed through a conductive grid (McLean and Kinsey 1964, 
Kashin and Wakely 1965, Schaefers 1966, McLean and Weight 1968, 
Kashin and Arneson 1969). A variation of this technique, 
applicable to insects with chewing or "lapping" mouthparts, 
operates by detecting the difference in 60 cycle noise produced by 
open vs. closed electrical circuits (Bowdan 1984). Foraging and 
food-selection activities also have been recorded through 
time-lapse photography (Bernays et al. 1974) and by 
photoelectrically monitoring movement to and from feeding sites 
(Haskell 1954, Fitzgerald 1980). 
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Because most of these techniques require electronic sensors 
and recorders, they are relatively expensive to use when a number 
of replicates are to be run simultaneously. This paper describes 
an inexpensive, totally mechanical device that has been used to 
successfully monitor feeding rhythms of gypsy moth larvae on 
artificial diet. Also included is a description of an electronic 
foliage-displacement monitor that is a modification of a previously 
reported (Kogan 1972, 1973) feeding detector. 
Materials and Methods 
The mechanical feeding monitor consists of a hygrothermograph 
pen nib that is attached, through a system of 2 levers, to a freely 
suspended piece of diet (Fig. 1). Movement of the diet causes 
deflection of the pen nib, which writes on a rotating 
hygrothermograph chart (29 h rotation). Using a 19 mm diameter 
cork borer, a cylinder is punched from a 20-25 mm thick slab of 
wheat germ/agar-based artificial diet (Bell et al. 1981), and a 
wire hanger (fashioned from a paper clip) is pushed through the 
center of the cylinder. The diet is hung on a string from the 
primary lever; the string passes through a 5 mm wide slot in the 
top of a 7.5 x 10 x 20 cm high test cage (3 mm thick LuciteR on 
all but one 10 x 20 cm side, which is rough-sawn pine). The cage 
is positioned such that the string does not touch the sides of the 
slot and the diet is ca. 5 mm from the rough-sawn pine. A rubber 
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Fig. 1. Mechanical Device for Monitoring Feeding of 
Large Lepidopterous Larvae, a. Lucite cage; b. Diet; 
c. Hanger string; d. Primary lever; e. Wire connector; 
f. Pen lever; g. Hygrothermograph pen nib; 
h. Hygrothermograph drum and chart; i. Rubber band; 
j. Lucite lever mechanism support; k. Rough-sawn pine 
backing on cage. 
16 
17 
band over the primary lever damps the system and partially 
counter-balances the weight of the diet. The pen-lever hanger 
connects the primary lever to the pen lever at ca. 0.25 of the 
distance from the pen lever fulcrum to the pen nib, causing motion 
of the diet to be amplified on the chart. All connections in the 
lever linkage were made simply by hooking or looping one piece of 
wire onto another. 
During preliminary tests, we found that a single 
hygrothermograph drum can be used satisfactorily for up to 4 
feeding monitors; this requires appropriate spacing of the starting 
heights of the pens and works best when duration of the test is 24 
h or less. Because the clocks are by far the most expensive 
component of the system, total cost is reduced substantially by 
running several monitors on one drum. 
Gypsy moth larvae were reared on artificial diet at 8-12 per 
180 ml plastic cup (25°C, 50-60% RH) with a photophase (Pp) of 
0500-2100. Fifth and sixth instars were placed individually into 
test cages. For preliminary observations, larvae were held 
overnight without food prior to being placed in cages. For 
determination of feeding rhythms, larvae were placed into cages 
between 1500 and 1600 h and were held under one of the following 
photoperiods for 3 days: 16:8 LD (0500-2100 Pp) , continuous 
photophase (LL), or continuous scotophase (DD, starting at 2100 h 
on day 1). In these tests, a 33-38 mm high plug of diet was used 
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to ensure that the larvae would have sufficient food for the three 
day test period. 
A transparent overlay was used for transcribing data from the 
charts. A series of arcs was drawn on the overlay to represent 
90° sweeps of the pen nib at sequential hourly periods. The arcs 
had radii of 11 cm (the length of a pen lever) and their centers 
were spaced every 10 mm (the horizontal displacement of the chart 
during 1 h) along a line parallel to and 1 cm below the top edge of 
the overlay. The overlay was placed over a chart and moved 
vertically (keeping top edges of chart and overlay parallel) until 
the line of arc centers was at the height at which the pen lever 
fulcrum had been during the test. With this alignment, the space 
between two adjacent arcs represented 1 h of data. 
For each larva, each hourly period was recorded as positive 
(larva fed during part or all of the period) or negative (no 
feeding occurred). During our observations, crawling larvae 
occasionally touched the diet, creating a sharp, faint individual 
spike on' the chart. Such spikes were relatively rare (the majority 
of 24 h traces had none) and were not recorded a feeding. All 
other perturbations of lines on the charts were considered to 
represent feeding. 
For testing feeding rhythms on foliage, an electronic feeding 
monitor was designed by adapting Kogan's (1973) device to the gypsy 
moth (Fig. 2). Test leaves were stretched across a wire sensor 
probe extension that protrudes through a hole in a plastic 
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Fig. 2. Cage and Sensor Housing of Electronic Feeding 
Monitor. a. Lucite cage; b. Rough-sawn pine; 
c. Sensor unit; d. Lucite sensor housing 
(foam-filled); e. Plastic sheet; f. Leaf; g. Sensor 
probe extension (paper clip); h. Dowel; i. Leaf clamp; 
j. Water trough. 
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membrane. The probe extension rests on the sensor wire of a Model 
DB Polysonic Detector and Bionic Sensor (C. W. Dickey Associates, 
State College, PA). This sensor, with the amplifier switched to 
"band pass", responds to frequencies of 200-5000 Hz. The detector 
was connected to a Heathkit Model EU-208 strip-chart recorder that 
was set to a chart speed of 15.2 cm/h. 
For testing, a leaf was trimmed to 5 cm width and was fastened 
to the detector. A larva was placed into an open-bottomed cage (9 
x 7 x 8 cm high; 3 sides and top were 3 mm Lucite, the other side 
was pine), and the cage was lowered over the leaf. The sensor 
assembly was placed into a foam—insulated box of 1.9 cm plywood 
(one side of the box was a removable sheet of Lucite). 
Results and Discussion 
When feeding in the mechanical monitor, larvae typically 
grasped the diet with their thoracic legs, but kept prolegs in 
contact with the rough-sawn pine. This feeding posture resulted in 
readily discernable periods of feeding and non-feeding on the 
hygrothermograph charts (Fig. 3). Except for occasional small 5th 
instars, larvae never entirely left the wood and crawled onto the 
diet. Thus, almost all deflection of lines on the charts was 
caused by feeding. 
The mechanical feeding monitor proved to be well suited for 
determining feeding rhythms. When late instars were exposed to 
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Fig. 3. Output of Mechanical Feeding Monitor. 
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0500:2100 Pp, they fed primarily between 2100 h and 0600 h the 
following morning (Fig. 4). This feeding rhythm is similar to that 
of gypsy moth larvae in low-density populations, although in the 
field the evening feeding peak usually is less pronounced (see 
Chapter III). The agreement between laboratory data and field 
observations suggests that this technique would be useful for 
studying the influence of environmental factors on larval feeding 
rhythms. 
Compared to data that was obtained using a 16:8 h LD cycle, 
feeding rhythms were much less distinct when larvae were exposed to 
LL or to DD (Fig. 4). Throughout three days under DD, larvae 
continued to conduct relatively high proportions of their feeding 
between 2100 h and 0600 h (Table 1). While this might suggest that 
a circadian rhythm is involved, it also could be explained through 
cycles of feeding to satiation alternating with digestion and 
emptying of the gut. After 24 h at LL, there was no statistically 
significant concentration of feeding hours during the normal 
scotophase. Light may have an inhibitory effect on feeding, and 
thus disrupt normal feeding-resting cycles. 
With the current set-up, each hour's data were represented by 
only 10 mm of line on the chart; clearly, this device does not 
deliver the resolution that is possible with some electronic 
devices (Kogan 1973, Jones 1979, Bowdan 1984) . It is not suitable 
for testing short-term (e.g. 1 h or less) responses to feeding 
deterrents and stimulants, or for characterizing biting patterns 
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Fig. 4. Feeding Rhythms of Late-Instar Gypsy Moth 
Larvae That Were Exposed to Various Photoperiod Regimes. 
Thickened time axis denotes scotophase; numbers of 
replicates are shown in Table 1. 
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Table 1. Percentage of feeding-hours that occurred between 
2100 h and 0500 h when late-instar gypsy moth larvae were 
exposed to various photoperiod regimes. 
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Photoperiod 
treatment^ 
n of 
larvae 
Percentage of feeding-hours 
between 2100 h and 1500 h^ 
Day 1 Day 2 Day 3 
LD 25 66.3 71.0 75.0 
LL 27 51.0 37.8* 40.3* 
DD 25 50.3 47.4 48.6 
^ LD = scotophase from 2100 h to 0500 h; LL = continuous 
light; DD = continuous dark starting at 2100 h on day 1. 
Percentages followed by asterisk did not differ 
significantly from null hypothesis that feeding hours were 
equally likely to occur during either the "normal” 
scotophase (2100-0500 h) or the "normal" photophase (p<0.05; 
2 
Chi test). All other percentages did not conform to the 
null hypothesis (p<0.001). 
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within bouts of feeding. However, with such modifications as 
faster charts and more refined linkages, the mechanical feeding 
monitor possibly could produce these types of data and/or be used 
with smaller insects. We found that fourth instars, in general, 
did not cause sufficient deflection of the needle to produce 
analyzable data. 
In contrast to the mechanical monitor, the electronic feeding 
detector provides data on both feeding and locomotor activities. 
When larvae were starved overnight and then provided with red oak 
foliage (Quercus rubra L.), they typically settled rapidly into 
several extended bouts of feeding. On the strip chart, this 
feeding activity produced densely packed clusters of relatively 
short spikes (Fig. 5A) . In our tests, not all "bites" resulted in 
spikes, especially when larvae fed on portions of the leaf that 
were furthest from the sensor wire. Using a similar monitor, Kogan 
(1973) reported that almost all bites resulted in spikes. However, 
in his tests, only a 20 x 42 mm area of leaf was exposed to insects 
(compared to 50 x 50 mm in our study), which would result in 
greater sensitivity. Regardless, our monitor consistently produced 
a characteristic pattern of spikes in response to feeding. 
When larvae were offered sycamore foliage (Platanus 
occidentalis L.), they did not feed but often crawled continuously 
around the inside of the cage. Crawling produced a high, 
relatively widely-spaced spike pattern (Fig. 5B); this difference 
was in agreement with Kogan's (1973) observations. In general, the 
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Fig. 5. Two One-Hour Traces of Fifth Instar Gypsy 
Moth Activity Produced by the Electronic Feeding 
Monitor. A. Larva offered red oak, showing several 
periods of feeding; B. Larva offered sycamore, showing 
continual crawling. 
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overlapping pattern of spikes produced by feeding was readily 
distinguished from that produced by crawling, in which mean 
interspike distance was 1 mm or greater and at least 20% of spikes 
were over 4 cm high. Dense clusters of spikes occasionally 
occurred during periods of crawling; however, these typically were 
of short duration (<4 mm) and contained at least one spike higher 
than 4 cm. 
In more extensive tests, the electronic monitor has been used 
to characterize the feeding rhythms of field-collected gypsy moth 
larvae (Chapter III). Sixth instars were found to consume the 
entire available leaf area in less than 24 h, and so 5th instars 
were used exclusively. Feeding activity was quantified by 
measuring the length of feeding periods and converting the raw data 
to units of time. Due to the occasional short lapses in spike 
production during feeding, a larva was considered to have been 
feeding continuouslyif adjacent groups of spikes were separated by 
less than ca. 1 min (2.5 mm). Because the resolution of the 
electronic monitor allows quantitative estimates of total time 
spent feeding, the device could be useful in other types of feeding 
assays (e.g. no-choice preference tests). 
The factors that affect feeding rhythms of phytophagous 
insects are not well understood. For gypsy moth larvae, feeding 
rhythms differ in outbreak as opposed to low-density populations 
(Leonard 1970c, Chapter III). These 2 techniques will provide a 
means of characterizing gypsy moth feeding rhythms and elucidating 
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environmental factors that potentially could cause the 
density-correlated shifts in this behavior. 
CHAPTER III 
BEHAVIOR OF LATE INSTAR GYPSY MOTH LARVAE 
IN HIGH AND LOW DENSITY POPULATIONS 
Introduction 
In his studies on Malacosoma pluviale Dyar, Wellington (1957, 
1964, 1965) demonstrated that forest pest population dynamics may 
be influenced by interpopulation variation in the behavior, 
development and viability of individual insects (also see Papaj and 
Rausher 1983). Several more recent studies have indicated that 
these factors (collectively termed "population quality") also 
influence the initiation and collapse of outbreaks of the gypsy 
moth, Lymantria dispar (L.) (Leonard 1969, 1970b, Capinera and 
Barbosa 1976, Barbosa and Capinera 1978, Kireeva 1978, Wallner and 
Walton 1979). These outbreaks periodically result in widespread 
defoliation of oaks (Quercus spp.) and other hardwoods throughout 
the northeastern United States. 
In the gypsy moth, population quality varies with (among other 
factors) population density (Leonard 1968, 1970b, Campbell 1978, 
Kireeva 1978). In the field, increases in population density are 
accompanied by decreases in fecundity, pupal size, and larval 
development time (Campbell 1978). Also, in high density 
populations, late instar larvae remain in the canopy and are active 
during the day; in low-density (innocuous) populations, late 
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instars spend the day in relatively protected sites near the ground 
(e.g. under bark flaps or in the litter). 
The behavioral components of population quality can have a 
strong influence on population dynamics (see Drooz 1969, Wellington 
1977). Unfortunately, aside from descriptions of the shift in 
microhabitat preference, there are few published reports on the 
behavior of late instar gypsy moths in different-density 
populations. To provide a background for studying the causes and 
implications of density-sensitive phenotypic variation in the gypsy 
moth, we conducted a descriptive study of the behavior of late 
instars from high- and low-density populations. 
Materials and Methods 
During 1982 and 1983, the behavior of late-instar gypsy moth 
larvae was observed in high- and low-density populations in the 
field. All study sites were in relatively level, wooded areas that 
were dominated by 7-11 m high red oak Quercus rubra L., black oak 
Q. velutina Lam., scarlet oak Q. coccinea Muenchh., and white oak 
Q. alba L.; various proportions of pitch pine Pinus rigida Mill, 
also were present. The 1982 high-density site was in Cotuit, MA, 
in a site with relatively few pitch pines (ca. 10% of stems over 4 
cm dbh). The hardwoods were essentially 100% defoliated prior to 
pupation, although defoliation was only 50-90% during the 
observation period (defoliation was estimated subjectively). In 
35 
1983, the outbreak site was located within Otis Air Base, MA, in a 
site where pitch pine accounted for ca. 25% of stems. Final 
defoliation of oaks was estimated subjectively to be 70-80%. 
During both years, a wooded site in the Ashumet area of Falmouth, 
MA, served as the low-density plot. In this area, ca. half of the 
stems over 4 cm dbh were pitch pine, and little noticeable 
defoliation occurred in either year. 
To gain access to the canopy, black oaks (7-9 m high) were 
surrounded by observation towers (4 x 4 x 8 m high) of 5 cm 
diameter pipe. At the 1982 high-density site, late instar (IV-VI) 
behavior was observed during the photophase, and, with the aid of a 
portable red light (the 12 V tungsten source on a model MS-47 
light, Ultraviolet Products, Inc., covered by the deep red acetate 
filter from Cokin Creative Filter set no. B-375), for 1-1.5 h into 
either end of the scotophase. The light appeared to disturb the 
larvae during the darker parts of the night, and so observations 
were not made from 2300-0400 h. However, at the low-density and 
1983 high density sites, night observations were made with 
light-amplifying image intensifiers (either ITT model ANPBS-5A 
night-vision goggles or a Javelin night-vision scope fitted with 
a #3 close-up lens). 
At the high-density sites, individual larvae were followed for 
extended periods (>1 h) to characterize late instar behavior. 
Also, to assess daily patterns of feeding, resting, and locomotion, 
groups of larvae were observed hourly during crepuscular periods. 
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and every other hour during the rest of the day. These 
observations were made throughout two 24 h periods both years on 
all larvae on the terminal ca. 2 m of 3 (1982) or 5 (1983) branches 
(40-110 larvae per observation period). At the low-density site, 
there were too few larvae to obtain adequate data in this manner. 
Instead, individual larvae were observed every 10 minutes 
throughout their feeding period. These observations were used to 
estimate the time that each larva was engaged in various activities. 
Larval feeding rhythms also were evaluated in the laboratory. 
Fifth instars were collected from either the high- or low-density 
populations. They were placed (one larva per test) into a 
vibration-sensitive feeding detector (Kogan 1973; Chapter II) and 
were provided with a water-washed red oak leaf from one of the 2 
types of sites. Tests were started between 1300 and 1400 h and 
were allowed to run for 24 h. The feeding monitor consisted of an 
open-bottomed cage (9x7x8 cm) which was placed over a test 
leaf. The leaf was stretched over a probe extension wire which was 
T> 
attached to a Model DB Polysonic Detector and Bionic Sensor (C. 
W. Dickey Assoc.). The signal was amplified and sent to a 
strip-chart recorder (Heathkit Model EU-208) with a 15.2 cm/h chart 
speed. Using this system, feeding activity produced patterns of 
short, overlapping spikes that were readily distinguished from the 
taller, more widely spaced patterns produced by crawling (Chapter 
II). Environmental conditions were maintained at 25°C, 50-60% RH 
and 0500-2100 h photophase throughout the tests. Any larva which 
did little or no feeding was held in the presence of foliage (red 
oak from a low-density site) for a second 24 h to determine if the 
lack of feeding was due to non-preference or to a physiological 
abnormality in the larva. If the larva did not feeding during the 
second 24 h, it was not included in the analyses. 
In analyzing charts, the amount of feeding during each hourly 
period was determined by measuring the lengths of feeding periods 
and converting the measurements to time units. Crawling activity 
was quantified by counting individual spikes that occurred outside 
of feeding periods (only spikes over 2.5 cm high were included). 
Results 
Description of food-seeking and feeding behaviors 
Basic food-seeking and feeding behaviors were fairly similar 
in the two populations. A larva would crawl out along a twig until 
it came either to a leaf cluster or to the end of the twig. In the 
latter case, the larva turned around and went to another twig, or, 
on rare occasions, it dropped. Upon encountering a cluster, a 
larva typically went through a behavior which we refer to as 
"petiole-sampling". Using its prolegs, the larva would hold onto 
the twig just below the base of the leaf cluster. It then would 
move its head back and forth, grasping (but not biting into) 
individual leaf petioles with its mouthparts and thoracic legs. 
During detailed observations of individual behavior, larvae 
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displayed petiole-sampling behavior on 55 of 57 (low density) and 
26 of 38 (high density) occasions in which the insect approached 
the base of a cluster by crawling out a twig. In 36 instances, we 
counted both the number of petioles in the cluster and the number 
contacted; larvae sampled a mean of 2.8 + 1.2 (S.D.) petioles per 
cluster (52 + 18% of the petioles in the clusters), spending ca. 
0.5-3 sec in contact with each. Occasionally, individual petioles 
were grasped 2 or more times. Once larvae petiole-sampled a 
cluster, they either rejected it and crawled to another twig (31% 
of 81 encounters) , or they crawled out at least partially onto one 
of the leaves. 
After climbing onto a leaf, a larva occasionally (13% of 152 
observations) would crawl back off of the leaf or onto an adjoining 
leaf without (apparently) sampling the foliage. More commonly, the 
larva would mandibulate and/or bite-test the leaf in one or more 
places. The larva then either left the leaf (58% of 52 
observations in the low-density populations; 39% of 81 at the 
outbreaks), or commenced feeding. During 11 of 22 (low-density) 
and 34 of 50 (outbreak) observations, feeding lasted less than 2 
minutes (a pinhead-sized chunk of leaf would be removed in the 
process) before the larva left the leaf; in other cases, the larva 
would settle into a longer period of feeding. 
During the night, larvae at the low-density sites went through 
series of relatively long episodes of continuous feeding (a mean of 
69 minutes per feeding episode for 6th instars, 35 minutes for 5th 
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instars). The duration of feeding episodes was extremely variable 
- some females fed almost continuously for up to 6 h. When not 
feeding, larvae often rested without leaving the leaf on which they 
had been feeding. In other cases, larvae switched feeding sites, 
but they typically fed on three or fewer leaves during the course 
of a night. 
In outbreaks, episodes of continuous feeding were relatively 
short (x = 7.8 min; this does not include periods of feeding 
shorter than 2 min) and larvae switched leaves frequently (actively 
feeding larvae fed on a mean of 2.3 leaves per hour during 30 h of 
observation on individual larvae). Duration of continuous feeding 
was not quantified during peak feeding periods (see below), but 
appeared to be somewhat longer than they were during mid-day. 
Between feeding bouts, larvae would rest on leaves or twigs, would 
crawl to other parts of the tree, or would go through food-finding 
behavior. Even as defoliation approached 70-80%, relatively few 
leaves were completely eaten, but almost all leaves were damaged to 
some extent; frequent leaf-switching may have been partially 
responsible for this. No attempt was made (at either type of site) 
to see if larvae preferred to feed on leaves which either had or 
had not been fed upon previously. 
When feeding, larvae typically held onto an edge of the leaf. 
They repeatedly extended their heads forward, and then while 
chewing, slowly pulled their heads back along the edge of the 
leaf. In the low-density sites, larvae (especially 6th instars) 
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often clasped their posterior prolegs onto the petioles and fed in 
the 1st sinus from the base of the leaf. In the high-density 
sites, leaves were irregularly shaped, and feeding positions were 
more variable. While feeding or resting on the leaves, larvae were 
rarely touched by other larvae. Even at the high-density sites, 
contact occurred only twice during the 30 h of observation on 
individuals. In these and other (casual) observations of 
interlarval contact, larvae often would twitch their heads or 
abdomens once or twice, perhaps pause for several seconds, and then 
resume their previous activity. 
Behavioral rhythms in the field 
In our innocuous populations, no larvae were observed feeding 
or on the foliage during the day. Most of the larvae rested in 
bark fissures on the boles of the trees or at the bases of large 
limbs, although many larvae left the tree entirely and spent the 
day in the litter. These daytime resting sites are typical of 
larvae in moderately low-level populations; in very sparse 
populations, most larvae rest away from the tree unless such 
structural features as bark flaps are present on it (Campbell 1979). 
At the outbreak site, larvae remained in the canopy during the 
day. For example, on one afternoon between 1500 and 1700 h, a 
total of five larvae were discovered in a thorough examination of 
eight 1 m plots in the litter (two of these larvae were crawling 
and a third appeared unhealthy). During the same period, 224 
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larvae were present in one of our study trees (area of interception 
2 
= ca. 10 m ). Of these 224, only 4 larvae were resting on the 
main stem, and no larvae were found below 3 m. 
Feeding rhythms varied greatly among the different 
populations. At the innocuous site, larvae fed exclusively at 
night (Fig. 6A). They left their daytime resting sites around the 
time of sunset (2015-2050 h EDT) and normally began feeding within 
30 min. Intensive all-night observations were made on eighteen 6th 
instars (ultimate instar females) and seven 5th instars (ultimate 
instar males or penultimate instar females; instar was determined 
by head capsule and total body sizes) . Sixth instars spent a mean 
of 89 + 9% (S.D.) of their time feeding between 2200 h and 0500 h, 
while the 5th instars spent only 46 + 21% of the night feeding. 
Between 0430 and 0630 h, the larvae left the foliage and returned 
to their daytime resting sites. 
In innocuous populations, 5th and 6th instars can be readily 
distinguished subjectively; however, in high-density populations, 
larval size is quite variable, and almost no larvae attain the size 
of 6th instar females in low-level populations (Campbell 1978, D. 
Lance personal observation). Thus, in our outbreak populations, we 
did not attempt to separate feeding rhythms on a basis of instar. 
At the 1982 site (100% defoliated), larvae showed a sharp peak of 
feeding between 0700 and 0800 h. Feeding then dropped off to a 
relatively low level before rising to a broad peak in the late 
afternoon and evening (Fig. 6D). Although observations were not 
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Fig. 6. Feeding rhythms of gypsy moth larvae in the 
field. A. Larvae in an innocuous population (Ashumet 
area of Falmouth, MA), where there was little 
noticeable defoliation. B. Larvae in a population 
that was 30-40% defoliated (Data from Leonard 1970b). 
C. In a population that was 70-80% defoliated (Otis 
ANG Base, MA). D. In an area that was totally 
defoliated (Cotuit, MA; no data from 2300-0400 h). 
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made during most of the night, the relatively low levels of feeding 
at either end of the scotophase indicate that there probably was 
less nocturnal feeding in this population than in any of the 
others. During the period in which observations were made, larvae 
spent ca. 18% of their time feeding. In 1983, feeding at the high 
density site was primarily nocturnal, but continued at low levels 
throughout the day (Fig. 6C). These larvae spent an estimated 17% 
of the 24 h day in feeding. Again, there was a peak of feeding 
between 0700 and 0800 h; this also was observed by Leonard (1970c) 
in a site that was only 30-40% defoliated (Fig. 6B). For the 
outbreak populations, our estimates of time spent feeding may be 
somewhat low due to the presence of larvae that were preparing to 
molt. We did not include larvae that were obviously in the process 
of molting, and most larvae were in the ultimate instar during the 
observation periods. Thus, these estimates should be fairly 
accurate. 
Feeding monitor tests 
In laboratory feeding monitor tests, 10 larvae from each type 
of population were tested on each type of foliage (i.e., red oak 
from either an innocuous or an outbreak site). The larvae 
exhibited feeding rhythms that were relatively characteristic of 
their source populations. Larvae from the innocuous populations 
conducted an mean of 87% of their feeding at night when they were 
offered innocuous—site foliage, and 77% at night when offered 
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outbreak-site foliage (Fig. 7, A and B) . Total feeding time was 
significantly reduced when these larvae were offered foliage from 
an outbreak site (a mean of 6.0% of the total 24 h day, compared to 
19.5% when larvae were offered food from endemic sites; p<0.01). 
Larvae from the outbreak populations exhibited significantly lower 
proportions of feeding during the night (p=0.005 or less for each 
of the four interpopulation comparisons with the different types of 
food; Mann-Whitney U-test). For these larvae, feeding was 40% 
(innocuous-site foliage) and 43% (outbreak foliage) nocturnal (Fig. 
7, C and D). Again, larvae spent a higher proportion of their time 
feeding when offered foliage from a low-density site (26.2% of the 
24 h day vs. 19.7% with foliage from the outbreak site), but the 
effect was not significantly different in this case. 
Low-density larvae from the outbreak foliage treatment showed 
significantly more locomotor activity (a mean of 209 activity 
spikes per day; Student-Neuman-Keuls test, p<0.05) than larvae from 
any of the other 3 treatment groups. Low-density larvae and 
outbreak larvae produced 68 and 66 spikes per day, respectively, in 
the presence of foliage from an innocuous site; outbreak larvae on 
outbreak foliage produced 93 spikes per day. 
Discussion 
Food quality may be a major determinant of the behavior of 
gypsy moth larvae. Foliage quality can vary from leaf to leaf; for 
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Fig. 7. Feeding rhythms of field-collected fifth 
instar gypsy moth larvae in in the laboratory. 
A. Larvae from an innocuous population when offered 
leaves from a low—density site. B. Larvae from an 
innocuous population when offered leaves from an 
outbreak site. C. Larvae from an outbreak when 
offered leaves from a low-density site. D. Larvae 
from an outbreak when offered foliage from an 
outbreak site. 
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example, Schultz (1983) recorded pronounced differences in tannin 
content among adjacent leaves of sugar maples (Acer saccharum 
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Marsh.)* Larvae potentially could benefit from choosing only high 
quality leaves, which would explain why gypsy moth larvae sample a 
relatively large number of leaves before choosing a feeding site. 
The petiole-sampling behavior that we observed appears to be a 
means of rapidly assessing leaf quality, but we do not know how 
much information a larva can gain from an intact petiole. 
Petiole-sampling may instead provide larvae with some different 
type of information, e.g. whether silk or a pheromone is present. 
Foliage quality also may cause differences in larval behavior 
among different-density populations. In response to defoliation, 
oak leaf tannin content and toughness increase while levels of 
water, free sugars and certain other nutrients decline (Schultz and 
Baldwin 1982, Valentine et al. 1983). Pupal weights are reduced 
when gypsy moth larvae feed on the leaves of heavily defoliated 
oaks (Wallner and Walton 1979, Valentine et al. 1983, Chapter VI). 
In our laboratory tests, total feeding time declined and 
locomotor activity increased when larvae were offered foliage from 
heavily defoliated sites. Although these effects were most 
pronounced among low-density larvae, they indicate that declines in 
food quality may be directly responsible for the increased 
leaf-switching and reduced duration of feeding episodes that we 
observed in high-density populations. During outbreaks, larvae 
also switch trees relatively frequently (Rossiter 1980; Lance and 
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Barbosa 1982); however, when tested under uniform conditions in the 
laboratory, outbreak larvae showed similar or lower activity rates 
compared to the larvae from innocuous populations. 
In many lepidopterous larvae, small individual size and an 
apparent "restlessness" occur under conditions of high population 
density (Long 1953, Carroll 1956, Iwao 1962). In a study on Biston 
betularia L., Rafes and Gninenko (1973) postulated that these 
effects result from interlarval contact which, in turn, disrupts 
normal feeding behavior and reduces the rate of food intake. Our 
observations indicate that, because interlarval contact is rare, 
this is unlikely to be the direct cause of the behavioral and 
developmental changes that accompany increases in gypsy moth 
population levels. This is in agreement with Klomp's (1959) 
observations on the pine looper Bupalus piniarius L.; however, at 
moderate densities, a tendency to maintain wide spacing between 
larvae could act to reduce avian predation (Klomp 1966) and/or 
avoid localized exhaustion of food resources (Lance and Barbosa 
1979). If touching conspecifics places stress on the larvae, then 
density-related changes in larval quality could occur even in 
moderately low-level populations (Klomp 1966, Campbell 1978). 
Although this effect cannot be ruled out among early-instar gypsy 
moths (and could carry through development), interlarval contact 
among late instars actually may be less frequent in many outbreak 
populations than in moderate level populations where larvae 
aggregate at preferred daytime resting sites. Larval quality and 
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behavior also could be sensitive to such density-related factors as 
the amount of silk in the environment, though laboratory studies 
have not supported this contention (Chapter IV) . 
The density-related shift in gypsy moth feeding rhythms has 
been postulated to result from "hunger" (and a "hunger-induced 
wandering") that is caused by mutual feeding interference (Leonard 
1967). Again, our field observations do not indicate that 
interlarval contact is sufficient to directly disrupt feeding 
rhythms. Because food during outbreaks is of poor quality, an 
alternative hypothesis is that larvae have to spend more time 
eating to consume equivalent effective levels of nutrients. 
However, gypsy moth larvae spend most of their time resting 
regardless of population density, and sixth instars in our 
innocuous population, on the average, spent more time feeding 
compared to larvae in the outbreak sites. Further, in our 
laboratory tests, outbreak larvae continued to feed on and off 
throughout the day even though they were not touched by other 
larvae and were provided with abundant high quality food. These 
findings suggest that the density-related difference in feeding 
rhythms truly results from a qualitative difference between larvae 
in different-density populations. Concurrent laboratory tests 
indicate that long-term exposure to poor quality food (but not 
crowding) can induce physiological changes that effect 
"outbreak-type" feeding rhythms in gypsy moth larvae (Chapter V) . 
These changes cannot be reversed by short-term (i.e. 24 h) exposure 
to a high quality diet. While crowding cannot be ruled out as a 
factor affecting gypsy moth population quality, we agree with 
Wallner and Walton (1979) in suggesting that defoliation-induced 
changes in foliage quality are important in determining the 
density-related differences in gypsy moth larval behavior and 
development. 
CHAPTER IV 
EFFECTS OF DENSITY AND DENSITY-RELATED STRESS ON THE 
DEVELOPMENT AND FEEDING RHYTHMS OF GYPSY MOTH LARVAE 
Introduction 
Periodic outbreaks of the gypsy moth, Lymantria dispar (L.) , 
result in widespread defoliation of oak (Quercus spp.) and mixed 
woodlands in the northeastern United States. Between outbreaks, 
populations exist at low, or "innocuous" levels. These two 
population phases are relatively stable but are separated by 
unstable periods of "release" and "decline" (Campbell and Sloan 
1978b). Larvae from different population phases show qualitative 
variation in development and behavior (Leonard 1969, 1970b, 
Campbell 1978). For example, in innocuous populations, larvae 
develop more slowly into larger, more fecund individuals (Campbell 
1978). Also, late instars in low-level populations feed 
exclusively nocturnally, while larvae in higher-density populations 
feed on and off throughout the day and night (Chapter III) . 
Although density-correlated variation in larval biology is 
well documented, little is known about the actual mechanism(s) 
through which density exerts its influence. Under controlled 
conditions, specific developmental parameters are sensitive to such 
factors as crowding (Leonard 1968), depletion of food supplies 
(Leonard 1970a), host-tree responses to defoliation (Wallner and 
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Walton 1979, Valentine et al. 1983) and maternal influences 
(Greenblatt and Barbosa 1980). The effects of these factors 
(particularly with regard to development rate) have often been 
inconsistent with field observations on density-correlated 
variation in development, and their influence on late—instar 
behavior is virtually unknown. In this study, we examined how 
simulated density-related environmental changes affect the 
development rate, size and feeding rhythms of laboratory-reared 
larvae. 
Materials and Methods 
In the spring of 1981, gypsy moth egg masses were collected 
from four sites in western Massachusetts. At each site, gypsy moth 
population density was estimated by counting all egg masses within 
four 1/100 ha. plots. In an innocuous population in Goshen, MA, no 
eggs were found within the plots. After a subsequent search of a 
wider area, six masses were collected. This site was predominately 
a maple-beech forest, although oaks and other species were also 
present. The remaining 3 collection sites were also mixed 
woodlands, but red oak (Q. rubra L.) and white oak (Q. alba L.) 
were the most common tree species. At our Belchertown, MA 
collection site, there were ca. 3000 egg masses/ha. This was a 
transitional release/outbreak site which had been only lightly 
defoliated in 1980 but was ca. 70% defoliated (subjective estimate) 
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in 1981. Eggs also were collected from two decline sites which had 
been 100% defoliated in 1980. In these areas, egg mass counts were 
ca. 2000/ha (Pelham, MA) and 1000/ha (Montague, MA). 
The eggs were stored at 4-6 °C. For hatching, egg mass 
hairs were vacuumed off, and the eggs were then surface-sterilized 
(10 min in 0.5% sodium hypochlorite), dried, and transferred to 
25°. Larvae were placed individually into 180 ml plastic cups 
and were provided three times weekly with a fresh portion of high 
wheat germ artificial diet (Bell et al. 1981); old diet and frass 
were removed from the cups at each feeding. All rearing was done 
at 25°, 50-60% RH and 0500:2100 Pp. 
Other larvae from the Belchertown population (above) were 
subjected to the following density-related stress treatments: 
A. To test the effect of crowding on gypsy moth quality, larvae 
were reared at ten per 180 ml plastic cup. Two methods of feeding 
were used: 
1. CROWDING - three times per week, larvae were given a cube 
of fresh artificial diet, and old diet and frass were removed 
from the cups. 
2. PRODUCTION - First instars were provided with 90 ml of 
diet per cup and were left to complete development without 
further feeding. This is similar to the method used in the 
mass-rearing of gypsy moths (Bell et al. 1981). 
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B. SILK - Experimental larvae were reared at one per cup and were 
fed three times weekly. Four sets of cups were used. At 
successive feedings, the cups were treated in one of the following 
manners: 
Feeding period 1. Five larvae were placed in each cup and 
were provided with diet. 
Feeding period 2. Any remaining diet was removed from the 
cup, leaving five unfed larvae. 
Feeding period 3. The five larvae were removed. An 
experimental larva was placed into each cup and provided with 
fresh diet. 
Feeding period 4. Experimental larvae were removed. The cups 
then remained empty until the next feeding period, at which 
time they were started back at feeding period 1. 
At each feeding period, one of the sets of cups each was 
treated as 1, 2, 3 and 4. Thus, experimental larvae were 
continually transferred into cups which had previously contained 
five starved larvae. This treatment was used to test whether 
exposure to silk (or other larval products) affected larval 
quality. The starved larvae were apparently quite active and spun 
large quanities of silk in the containers. The amount of silk was 
not quantified, but numerous strands were readily apparent on the 
inside edges and lids of the cups; they occasionally formed into 
small (ca. 0.5 cm diameter) wads. The amount of silk was 
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noticeably greater in these cups than in the cups of any other 
treatment. 
C. NEWCUP - Each larva was provided with a new, unused cup at 
each feeding period (3 times weekly). 
D. CONTACT - from instar III through pupation, five 
freeze-dried larvae (instar IV-VI) were placed into each cup that 
contained an experimental larva; larvae were fed 3 time weekly. 
E. STARVE - Insects were reared at one per cup and were given 
fresh diet every other day. On the alternate days (those between 2 
feeding days), any remaining diet was removed. This was done to 
simulate feeding interruptions which may occur due to defoliation 
of trees and/or the high degree of intertree dispersal that occurs 
in high-density sites (Lance and Barbosa 1982). 
F. VIRUS - These tests were not run concurrently with the 
others; also, insects were taken from a laboratory colony (F ) 
rather than the Belchertown Pi strain. Larvae were reared at 8-12 
per cup through the first three stadia. Newly eclosed fourth 
3 
instars-were given a ca. 0.04 cm chunk of diet that had been 
4 
inoculated with 2.0 X 10 inclusion bodies (in 0.01 ml of 
distilled water) of a nucleopolyhedrosis virus that frequently 
causes epidemics during gypsy moth outbreaks. Larvae were 
discarded if they did not eat the entire chunk of diet within 24 
h. Larvae then were held individually and provided with fresh diet 
three times weekly. 
G. VIRUS CONTROL - Larvae were treated as in F, but the 0.04 
cm^ piece of diet was "inoculated" with 0.01 ml distilled water. 
Feeding rhythms were tested using a mechanical feeding monitor 
(Chapter II). Larvae were placed individually into the test arenas 
between 1500 and 1600 h, and tests were run for 24 h at 25° and 
0500-2100 h photophase. For each larva, each hourly period was 
recorded as a "feeding-hour" (the larva fed during part or all of 
the period) or as a non-feeding hour (no feeding occurred). For 
statistical comparisons, the proportion of feeding-hours that 
occurred during the scotophase was computed for each larva, and the 
Mann-Whitney U-test was performed on the resulting percentages. 
Results 
In general, larval development was similar among the four 
field-collected strains (Table 2). Females from the innocuous 
strain developed significantly faster than those from other 
strains, but the magnitude of this difference was minor (2-3 days) 
compared to differences in development rate that have been observed 
in the field. Pupal weights were similar among all strains, with 
the exception of the relatively small Pelham males. 
In the density treatments, pronounced reductions in pupal 
weight resulted when larvae were reared at 10 per cup or were 
partially starved (Table 3). These treatments also extended 
development by 0.2-2.9 days and by over a week, respectively. The 
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Table 3. Development of gypsy moth larvae that were subjected 
to density-related stress treatments in the laboratory. 
Male Development^ Female Development-^- 
Treatment1 2 n 
Mean 
days as 
larvae 
Mean 
pupal wt 
(mg wet) 
» • 
n 
Mean 
days as 
larvae 
Mean 
pupal wt 
(mg wet) 
• 
Control 31 34.0+0.3 a 790+15 a 30 39.1+0.5 a 3527+110 a 
CROWDING 51 36.9+0.3 b 639+14 c 41 40.3+0.4 ab 2520+ 69 cd 
PRODUCTION 67 36.2+0.7 ab 626+20 c 59 39.3+0.5 a 2294+100 de 
SILK 15 34.7+0.7 ab 655+29 be 14 38.9+0.7 ab 3083+111 ab 
NEWCUP 10 35.6+1.2 ab 677+30 be 18 42.0+0.7 b 2759+108 be 
STARVE 9 42.1+1.2 c 541+21 c 19 46.9+0.9 c 2105+ 97 e 
CONTACT 13 34.4+0.4 ab 756+25 ab 15 38.2+0.5 a 3480+104 a 
VIRUS 11 30.5+0.2 z 718+27 z 14 33.2+0.3 z 2856+122 z 
V. CONTROL 40 30.5+0.1 z 766+18 z 50 33.6+0.2 z 2802+ 62 z 
1 Within a column means (+ S.E.) that are not followed by the same 
letter are significantly different (p<0.05), as determined by the 
Student-Newman-Keuls test. VIRUS and VIRUS CONTROL data were 
analyzed separately. 
2 See text for explanations of the various treatments. 
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SILK treatment resulted in a slight reduction in pupal weights 
(significant only among males) and did not affect development 
rate. Male and female pupal weights, as well as female development 
rates, declined significantly in response to the NEWCUP treatment. 
The CONTACT treatment had no apparent affect on development. 
In the VIRUS treatment, 72% of 90 larvae died of virus prior 
to pupation (100% of the VIRUS CONTROL larvae pupated). The deaths 
occurred 10-20 days after inoculation. Among the surviving larvae, 
the virus did not affect the rate of development or subsequent 
pupal weight (Table 3). The feeding rhythms of 28 VIRUS larvae 
were tested 7-11 days after inoculation; 18 of these larvae 
subsequently died prior to pupation. 
For late instars from all treatments and populations, feeding 
was conducted primarily between 2100 h and 0700 h the following 
morning. Peaks of feeding typically occurred in the 1-2 h 
following both "lights off" and "lights on" (Fig. 8). This feeding 
pattern appears to be typical of laboratory-reared gypsy moth 
larvae (Chapter II). In tests with larvae from different field 
populations, late instars from all strains conducted similar 
proportions of their feeding during the scotophase (Table 4). 
Feeding of the larvae from several density treatments was slightly 
less nocturnal than that of control larvae (Table 5), but none of 
the differences were statistically significant. In these tests, 
none of the larvae exhibited feeding rhythms similar to those of 
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Fig. 8. Feeding Rhythms of Late-Instar Gypsy Moth Larvae 
from Different-Density Populations and Several 
Density-Related Stress Treatments. A. Larvae that were 
collected, as eggs, from a release/outbreak population 
(n=27); B. Larvae collected as eggs from an innocuous 
population (n=9); C. Larvae collected from collapsed 
populations (pooled Pelham and Montague, n=20); D-J. Larvae 
from density-related stress treatments (see text for 
details); D. Pooled CROWDING and PRODUCTION (n=44); E. SILK 
(n=10); F. NEWCUP (n=14); G. CONTACT (n=15); H. STARVE 
(n=17); I. VIRUS (n=28); J. VIRUS CONTROL (n=26). 
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Table 4. Percentages of feeding hours that occurred 
during the scotophase for laboratory-reared late instar 
gypsy moth larvae that were collected, as eggs, from 
different-density populations. 
Type of 
population^ 
n of 
larvae 
Mean percent of 
feeding-hours during 
the scotophase 
( + S.E.) 
Innocuous 9 67.1 + 4.5 
Release/Outbreak 10 69.3 + 3.6 
Collapse (Pelham) 10 69.7 + 4.6 
Collapse (Montague) 10 69.1 + 3.8 
1 Larvae were reared in the laboratory after being 
collected as eggs; see text for details on collection 
sites 
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Table 5. Percentages of feeding hours that occurred 
during the scotophase for laboratory-reared late instar 
gypsy moth larvae that had been exposed to various 
density-related stress factors. 
Mean percent of 
feeding-hours during 
Stress factor 
imposed1 
n of 
larvae 
the scotophase 
(+ S.E.)1 2 
Control 25 65.5 + 3.6 
10/CUP 17 59.3 + 3.7 
PRODUCTION 27 56.2 + 3.2 
SILK 10 66.2 + 6.1 
NEWCUP 14 56.7 + 5.7 
CONTACT 15 72.9 + 4.7 
STARVE 17 55.4 + 3.7 
VIRUS 28 58.2 + 3.7 
VIRUS CONTROL 26 64.8 + 2.5 
1 See text for details on treatment of larvae. 
2 In no case did mean proportion for a treatment differ 
significantly from control value (Mann-Whitney U-test). 
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larvae that were field-collected from high-density populations 
(Chapter III). 
Discussion 
Density—related changes in gypsy moth biology have been 
observed in areas where abundant food appears to be available. 
Campbell (1978) documented density-correlated declines in fecundity 
at sites in which the larvae consumed less than 5% of the available 
foliage. In stands where final defoliation reaches 30-40%, late 
instars often remain in the canopy and feed (to some extent) during 
the day (Leonard 1970c, D. R. Lance personal observation). In 
severe outbreaks, extensive defoliation often does not occur until 
larvae reach the fifth and sixth instars (Leonard 1974), but 
"outbreak-type" behavior is readily apparent among fourth instar 
larvae (Leonard 1970c, D. R. Lance, personal observation). Severe 
defoliation can result in partial starvation and/or utilization of 
marginal host species, but the density-correlated shifts in gypsy 
moth quality are not initiated by exhaustion of preferred food. 
Regardless, Leonard (1969, 1970b) suggested that nutrition is 
the primary determinant of insect quality in gypsy moth 
populations. He proposed that this effect is mediated by 
interactions between larvae. For example, if active larvae can 
disturb the feeding of others, frequent interlarval contact could 
reduce the rate of nutrient intake and disrupt normal feeding 
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rhythms (Leonard 1967, Campbell 1978). We have observed that 
episodes of interlarval contact normally disrupt feeding for no 
more than several seconds and seldom result in major interruptions, 
e.g. causing a larva to leave its feeding site or drop from the 
tree (Chapter III). Further, these episodes appear to be too 
infrequent to influence food intake directly: on the average, late 
instars in most high—density populations are probably contacted no 
more than once or twice per day while feeding (Chapter III) . 
Because larvae in all populations spend more time resting than 
eating (Chapter III), these occasional short disturbances should 
not reduce overall food intake or force larvae to feed extensively 
during the day. 
While we do not agree that intraspecific contact directly 
affects nutrient intake, recent studies on oak-herbivore 
interactions support Leonard's suggestion of a nutritional basis 
for gypsy moth population quality. In response to heavy 
defoliation, oak leaves exhibit an altered balance of nutrients 
(Valentine et al. 1983) and elevated levels of tannins (Schultz and 
Baldwin 1982). Gypsy moth pupal weights have been shown to decline 
significantly when larvae were fed on host trees that were 
artificially (Wallner and Walton 1979, Valentine et al. 1983) or 
naturally defoliated (Chapter VI). Further, when larvae were 
reared on artificial diets that contained tannic acid (Chapter V) , 
their feeding rhythms were similar to those of larvae that had been 
field-collected from outbreak populations (Chapter III) . The 
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proportion of feeding that occurred during the scotophase was also 
reduced significantly among larvae that had been reared on the 
foliage of heavily attacked trees (Chapter V). With both 
laboratory and field-collected larvae, feeding rhythms were not 
affected by the type of food that was offered during the actual 
feeding rhythm assays. Thus, long-term exposure to poor quality 
food can induce "outbreak-type" behavior in laboratory-reared 
larvae. In the current study, crowding and other density-related 
treatments did not affect larval feeding rhythms. 
In a study on the pine looper Bupalus piniarius L., Klomp 
(1959) stated that contact-mediated feeding interference was not a 
likely cause of the inverse relationship between individual size 
and looper population density. Instead, he suggested that 
interlarval contact alone could stress larvae and inhibit growth in 
populations that are far too sparse to be food-limited (Klomp 
1966). This effect was thought to operate through a 
mutual-avoidance reaction which had evolved as a mechanism to 
enhance predator avoidance by maintaining a wide spacing between 
larvae. Iwao (1962) noted the variability of crowding-mediated 
responses in lepidopterous larvae (also see Long 1953, Zaher and 
Long 1959) and likewise suggested that crowding should be 
especially detrimental to development in species whose larvae are 
solitary feeders. Indeed, an interaction between larvae appears to 
be responsible for the relatively small size of gypsy moths that 
are subjected to crowding in the laboratory (also see Leonard 1968, 
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Capinera and Barbosa 1977), but ten larvae in a 180 ml cup are much 
more crowded than those we have observed in field sites where 
defoliation has reached 100%. Within the limits of our 
experiments, development was not affected by simply restricting the 
space available to individually reared larvae (i.e. by placing 
freeze-dried larvae into the container). Under crowded laboratory 
conditions, larvae may be interfering, to a significant degree, 
with each others' feeding. Laboratory data on crowding are often 
difficult to extrapolate to the field situation (see Peters and 
Barbosa 1977). 
For the gypsy moth, density-related changes in larval quality 
do not appear to be mediated by contact with silk or with a 
pheromone of low volatility. Although the SILK treatment resulted 
in a slight decrease in pupal weights, continually placing larvae 
in a silk-free environment had a somewhat greater impact on 
development. Larvae may have been more stressed by a lack of silk 
than by an abundance of it. Larvae rest on sparse mats of silk 
(Leonard 1967) and follow silk trails between resting and feeding 
sites (McManus and Smith 1972). Removal of silk can disrupt normal 
larval behavior (McManus and Smith 1972, Gallagher and Lanier 
1977). The effect of the SILK treatment actually may have been 
caused by the occasional (three times weekly) disturbances to which 
these larvae were subjected - this could be viewed as support for 
Klomp's (1966) hypothesis regarding possible implications of 
relatively low rates of interlarval contact (also see Campbell 
1978) . 
Maternal influences have also been proposed as a possible 
explanation for certain aspects of density-related variation in 
larval quality (Leonard 1969, 1970b). Leonard (1970b) suggested 
that a female's nutritional status would determine the amount of 
nutrients available for egg production. Capinera and Barbosa 
(1977) reared larvae on marginal hosts and found that the resulting 
females produced a high proportion of small, nutrient-deficient 
eggs. Compared to larvae from large eggs, first instars from small 
eggs are less vigorous and less prone to repeated attempts at 
dispersal via ballooning (Capinera and Barbosa 1976; Barbosa and 
Capinera 1978). The nutritional status of a female can be affected 
by defoliation-induced changes in leaf quality; however, the size 
of field-collected eggs is not closely correlated to population 
density (Capinera and Barbosa 1977, Richerson et al. 1978; also see 
Table 1), and, in a laboratory study, egg size was not affected 
when females were crowded during development (Capinera and Barbosa 
1977). Accordingly, we found no definite relationships between 
source population density and subsequent feeding rhythms, larval 
development rates or pupal weights. In contrast, Greenblatt and 
Barbosa (1980) reared gypsy moths from eggs that were collected in 
different—density populations and found that female pupae from 
"outbreak" eggs weighed ca. 23% less than those from "release" 
eggs. Their larvae were reared under crowded conditions (10 per 
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240 ml cup for two stadia, then 5 per cup), and diet quality 
differed between the two studies (our pupal weights were 47-92% 
higher even though we kept more larvae in smaller containers) . It 
is possible that maternal influences affect development only when 
larvae are exposed to stress (e.g. "suboptimal" diets). 
Regardless, we believe that most density-correlated variation in 
late instar gypsy moths results from environmental influences that 
act on the generation(s) in which the variability is actually 
observed. 
CHAPTER V 
DIET QUALITY AFFECTS FEEDING RHYTHMS OF GYPSY MOTH LARVAE 
Introduction 
Recent evidence suggests that herbivory can induce reductions 
in leaf quality in several species of hardwoods (Haukioja and 
Niemela 1977, Wallner and Walton 1979, Bryant 1981). These 
defoliation-related changes in foliage have been implicated in the 
natural decline and suppression of herbivore populations (Batzli 
1983, Rhoades 1983, Fox and Bryant 1984, Tuomi et al. 1984). In 
the oaks (Quercus spp.), uneaten leaf portions on heavily attacked 
trees are physically tougher than normal, contain elevated levels 
of tannins (Schultz and Baldwin 1982) , and have low levels of such 
nutrients as free sugars, nitrogen, and water (Valentine et al. 
1983) . 
Periodic outbreaks of the gypsy moth, Lymantria dispar (L.), 
cause severe defoliation of oaks and other hardwoods, in outbreak 
populations, gypsy moths are typically smaller and less fecund than 
those in low-level (innocuous) populations; variation in food 
quality has been shown to be at least partially responsible for 
these differences (Wallner and Walton 1979, Valentine et al. 
1983). The behavior of gypsy moth larvae also varies with 
population density. In particular, late instar larvae feed 
nocturnally in innocuous populations, but feeding occurs throughout 
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the day and night during outbreaks (Chapter III). In this study, 
we provide evidence that food quality also may be the primary 
factor that determines the feeding rhythms of gypsy moth larvae. 
Materials and Methods 
Red oak foliage (Q. rubra L.) was collected from two woodlots 
containing 7-11 m high red oak, black oak (£. velutina Lam.), 
scarlet oak (Q. coccinea Muenchh.) and white oak (£. alba L.), as 
well as some pitch pine (Pinus rigida Mill.). At one of the sites 
(outbreak), oaks were 70-80% defoliated (subjective visual 
estimate) at the time of pupation, but there was little noticable 
defoliation at the other (low density or control) site. 
During April 1983, gypsy moth eggs were collected from a 
moderate density, building population in Mashpee, MA and were held 
at 4-5 °C until used. They then were surface-sterilized (5 min 
in 0.5% sodium hypochlorite) and were held at 25°. Upon 
hatching, larvae were provided with a wheat germ/agar-based diet 
(Bell et al. 1981) for 12 days and then were transferred (1-3 days 
past the 2nd larval molt) onto foliage. Larvae were held at 10 per 
180 ml plastic cup while on artificial diet, and a 5 per 480 ml 
unwaxed cup thereafter. Every 2nd day, newly collected leaf 
clusters were placed into water-filled vials that had been pushed 
through the bottoms of the paper cups. Rearing was carried out at 
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25° (diet) and 23° (foliage) with 50-60% RH and a 0500-2100 h 
photophase. 
After 21 days on foliage, 80 larvae were placed individually 
into cups and were provided with a leaf (20 larvae for each 
combination of rearing treatment and test foliage). They were 
observed 3 times hourly for 24 h. A Javelin light-amplifying night 
vision scope, fitted with a #3 diopter lens, was used to make night 
observations. A red, low wattage light ca. 3 m from the insects 
provided enough illumination for the use of the scope but not the 
naked eye. 
In subsequent studies, we tested feeding rhythms of larvae (an 
F23-24 laboratoi:y strain) that were reared on artificial diet 
containing tannic acid (TA, technical grade tannic acid, Fisher 
Scientific A-308; at 2.5% of the total dry weight of the diet). 
This level of tannin is higher than those recorded from early 
summer oak leaves in some studies (e.g. Feeny and Bostock 1968), 
but generally lower than those found by others (e.g. Martin and 
Martin 1982, Schultz and Baldwin 1982). The available data on leaf 
tannin content vary widely with analytical technique, and the 
biological effects of tannins depend upon the herbivores and 
tannins involved, pH, diet chemistry and other factors (Bernays 
1981, Martin and Martin 1982). For this study, choice of tannin 
level was based on preliminary trials (D. R. Lance, unreported 
data) as well as data from previous studies in which tannins were 
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incorported into artificial diets for lepidopterous larvae (see 
Feeny 1968, Chan et al. 1978, Schultz and Baldwin 1982). 
Newly hatched larvae were provided with a wheat 
germ/agar-based artificial diet (Bell et al. 1981). Pharate 3rd 
instar larvae were transferred onto fresh diet which either did or 
did not contain tannic acid (360 larvae on either type of diet) . 
Most of the larvae were allowed to complete development on these 
diets; however, at the next molt, 120 larvae from the 2.5% TA 
treatment were transferred back onto TA-free diet, and 120 larvae 
from the TA-free treatment were put onto 2.5% TA diet. Larvae were 
reared at 8-12 per 180 ml container, 25°C, 50-60% RH, 0500-2100 
Pp for the first 2 instars, and 8 per container at 23° 
thereafter. One-third of the larvae from each treatment were set 
aside for feeding rhythm tests, and the others were used to 
determine the effects of TA on development (4 additional cups of 
TA-reared larvae were later removed to provide sufficient insects 
for feeding rhythm assays). 
Feeding rhythms of penultimate and ultimate (5th and 6th) 
instars were tested using a mechanical feeding monitor (Chapter 
II). Larvae were placed into the test arenas between 1400 and 1500 
h, and were provided with the diet on which they had most recently 
been reared. After 24 h, the larvae were fed again (type of diet 
was switched when appropriate), and the test arenas were connected 
to the mechanical feeding monitors. Feeding vibrations were 
transmitted from a freely suspended piece of diet to a pen nib that 
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recorded on a rotating hygrothermograph drum (29 h clock). Tests 
were run for 24 h. For each larva, each hourly period was recorded 
as either a "feeding-hour" (the larva fed during part or all of the 
hour) or a non-feeding hour (no feeding occurred), and the 
Mann-Whitney U-test was performed on the percentages of 
feeding-hours that occurred during the scotophase. 
Results and Discussion 
In the tests with natural foliage, observations of feeding 
rhythms were carried out toward the end of the period of pupation 
(and thus maximum defoliation) by gypsy moths in high-density field 
populations. Larvae that were reared on leaves from the outbreak 
site fed significantly less nocturnally than those that were reared 
and tested on leaves from the low-density site (Table 6). Larvae 
from both rearing treatments did a higher percentage of their 
feeding at night when provided with control foliage, but these 
differences were not statistically significant. 
In the tests with artificial diet, larvae from the tannin-free 
diet treatment fed primarily between the onset of the scotophase 
and 1 h past the onset of the photophase (Fig. 9A) . Peaks of 
feeding occurred in the hour following "lights off" and again 
around the time of "lights on". On the average, 78% of their 
feeding-hours occurred during the 8 h scotophase. This feeding 
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Table 6. Percentages (+ S.E.) of feeding that occurred during 
the scotophase (2100-0500 h) for fifth instar gypsy moths that were 
reared on red oak foliage from sites with outbreak and innocuous 
gypsy moth populations. 
Final 
leaf 
defoliation (%) at 
collection site-*- 
Mean percent 
of time spent 
feeding 
Mean percent of 
feeding during 
the scotophase1 2 
leaves used 
for rearing 
leaves used for 
observation period 
< 20 
■Y 
<20 21.5 65.3 + 3.5 a 
< 20 80 17.9 55.4 + 4.6 ab 
80 < 20 18.8 50.9 + 4.6 b 
80 80 15.5 48.2 + 3.8 b 
1 Final defoliation at the outbreak site was ca. 80%. 
2 Two percentages followed by the same letter are not 
significantly different (p^0.05; Mann-Whitney U-test). 
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Figure 9. Effect of Dietary Tannin on the Feeding 
Rhythms of Late-Instar Gypsy Moth Larvae. (A) and (B) 
show feeding rhythms of larvae that were reared on an 
artificial diet that did not contain tannic acid. 
Other larvae were reared on diet that contained 2.5% tannic 
acid (dry weight) from the third instar onward (C and D), 
from the fourth instar onward (E), or during the third 
instar only (F). While feeding rhythms were being 
monitored for (B) and (D), larvae were provided with diet 
containing tannic acid. All other larvae were offered 
tannin—free diet during the actual test period. See text 
for details on experimental procedures. 
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rhythm was not altered by exposing the larvae to 2.5% TA diet 
during the 24 h feeding rhythm assay (Fig. 9B). 
In laboratory tests with field-collected fifth instars, larvae 
from low-density populations also conducted 75-90% of their feeding 
during the scotophase; in contrast, larvae from outbreak 
populations carried out only 40-45% of their feeding at night 
(Chapter III). Similarly, when we reared larvae on the 2.5% TA 
diet from the third instar on, a mean of 40% of their feeding-hours 
occurred during the scotophase (Fig. 9C). Their feeding rhythms 
were significantly (p<0.0001) less nocturnal when compared to those 
of the larvae from the TA-free treatment. Again, the diet that was 
offered during the actual test did not affect feeding rhythms (Fig. 
9, compare C vs. D). 
In low density populations in the field, feeding rhythms of 
gypsy moth larvae appear to shift from relatively diurnal to 
nocturnal at some point in the third instar (Campbell 1978) . In 
these tests, relatively arrhythmic feeding did not result when 
larvae were exposed to TA from the fourth instar onward (Fig. 9E) , 
or during the third instar only (Fig. 9F). Results of the feeding 
rhythm tests were paralleled by the effects of TA on development. 
Survival was extremely low (8%), development time was extended ca. 
11 days, and pupal weights were reduced 48-65% when larvae were 
reared on 2.5% TA diet from the third instar on (Table 7). in 
contrast, larvae from the other TA treatments showed more "normal" 
development. 
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In low-density populations, late instar larvae spend the day 
resting in the litter, under bark flaps or in bark crevices near 
the bases of their host trees; during outbreaks, larvae remain in 
the canopy throughout the day and night (Campbell 1976, 1978) . 
Food quality also may effect the gypsy moth's density-correlated 
shift in microhabitat preference. For example, while rearing 
larvae on caged saplings, ODell (personal communication) noted that 
late instar larvae on relatively poor quality hosts (Acer rubrum 
L.) remained on or near the foliage and fed occasionally during the 
day, but that larvae on more preferred hosts (Populus tremuloides 
Michx.) spent the day under artificial bark flaps or in the corners 
of the cages. 
The gypsy moth's density-related differences in behavior may 
represent adaptations to environmental changes that accompany 
fluctuations in population levels. For example, continual feeding 
may facilitate digestion of poorer quality foliage. In outbreak 
popualations, feeding during the day also could be advantageous 
because freshly synthesized nutrients may be translocated 
relatively rapidly away from leaves that have been partially eaten; 
i.e. leaves on heavily attacked trees may be disproportionately 
more nutritious during the day that at night (Valentine et al. 
1983). 
The habit of resting in protected locations by day probably 
evolved as a mechanism to avoid being discovered by insect 
parasitoids and avian predators (Campbell 1967, Campbell and Sloan 
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1978b). During outbreaks, mortality from these agents is somewhat 
relaxed, and larvae remain in the canopy throughout the day; 
however, many late instar larvae are killed by a nucleopolyhedrosis 
virus and, in some cases, by starvation (Campbell 1967, Campbell 
and Sloan 1978b). On sunny days, larvae in the canopy are warmer 
than larvae resting near the ground. Largely because of this 
difference in temperature, larvae in outbreaks develop 1-3 weeks 
faster than larvae in endemic populations (Chapter VII). Although 
high temperatures have possible deleterious side-effects, Campbell 
(1978) suggested that this rapid development ensures that at least 
some larvae pupate before viral epidemics reach their full level of 
impact. 
In various insect species, fluctuations in population density 
are accompanied by density-sensitive phenotypic variation in size, 
fecundity, coloration, wing—loading (including alary 
polymorphisms), diapause, and/or other behavioral, physiological 
and morphometric characters. In many cases, this variation has 
been attributed to the effects of contact with conspecifics (Klomp 
1966, Tschinkel and Wilson 1971, Rafes and Gninenko 1973), 
pheromones (Norris 1964, McFarlane 1966, Ikeshoju and Mulla 1974) 
or exhaustion of preferred food (Blais 1953, Clark 1963); however, 
in general, little is known of the proximate mechanisms by which 
density exerts its influence (Peters and Barbosa 1977). For the 
gypsy moth, physical contact between larvae rarely causes extended 
interruptions in feeding, even during outbreaks (Chapter III). 
83 
Also, outbreak-type feeding rhythms have been observed when 
abundant foliage was still available (Chapter III) . In laboratory 
tests, gypsy moth larvae did not develop outbreak-type feeding 
rhythms as a result of crowded rearing conditions, partial 
starvation, disease (nuclear polyhedrosis virus) or maternal 
factors (larvae were reared from eggs that were collected from 
outbreak and low density sites) (Chapter IV) . These findings also 
tend to rule out the involvement of a chemical factor (pheromone) 
produced by the larvae, unless that factor is produced in response 
to poor food quality. For gypsy moth larvae, the relationship 
between population density and feeding rhythms appears arise 
primarily as a response to defoliation—induced changes in 
host-plant foliage. 
CHAPTER VI 
SELECTED EFFECTS OF DEFOLIATION-INDUCED CHANGES IN FOLIAGE 
QUALITY ON THE DISPERSAL AND DEVELOPMENT OF GYPSY MOTH LARVAE 
Introduction 
Recent studies suggest that populations of numerous herbivore 
species may be influenced by herbivory-induced declines in plant 
quality (e.g. Green and Ryan 1972, Werner 1979, Bryant 1981, Batzli 
1983, Haukioja et al. 1983). In a number of insect folivores, 
feeding on heavily defoliated trees has been shown to cause 
reductions in survival, fecundity and/or development rate (Haukioja 
and Niemela 1977, Wallner and Walton 1979, Myers and Williams 1984, 
Neuvonen and Haukioja 1984). With some woody species, complete 
recovery of plant quality requires 3-10 years following an episode 
of extensive herbivory (Haukioja 1980, Fox and Bryant 1984). These 
findings have led to the hypotheses that food quality drives 
herbivore population cycles and, in some cases, extends the time 
lags between population crashes and subsequent build-ups (also see 
Tuomi et al. 1984). 
The gypsy moth, Lymantria dispar L., periodically defoliates 
vast areas of oak (Quercus spp.) and mixed woodlands. On heavily 
defoliated oaks, uneaten leaf portions have been shown to contain 
relatively high levels of tannins (Schultz and Baldwin 1982) and an 
abnormal balance of nutrients (Valentine et al. 1983). in a 
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previous study, gypsy moth pupal weights and survival declined in 
response to artificial defoliation of the trees upon which the 
larvae were caged (Wallner and Walton 1979, Valentine et al. 
1983). Adult gypsy moths do not feed, and female pupal weight is 
closely correlated to fecundity (Hough and Pimentel 1978). In this 
study, oak leaf quality was compared among stands with current, 
previous, or no recent histories of being severely attacked by 
naturally occurring gypsy moth populations. Specifically, we 
measured the effects of host defoliation on gypsy moth dispersal, 
survival, development and food utilization efficiency. 
Materials and Methods 
Dispersal studies and foliage collection were carried out in 
oak-dominated woodlots in the vicinity of Otis Air National Guard 
Base, Massachusetts. All sites had well-drained, sandy soil and 
contained a high proportion of red oak (Quercus rubra L.), although 
black oak (£. velutina Lam.), scarlet oak (£. coccinea Muenchh.), 
white oak (Q. alba L.) and pitch pine (Pinus rigida Mill.) were 
present in varying amounts. Site quality was generally poor; site 
indices ranged from 33 to 45, based on 50-year growth of upland 
oaks (Forbes 1961) . 
Gypsy moth egg masses were collected from building populations 
in Forestdale, MA (1982) and Mashpee, MA (1983). The eggs were 
brought into the laboratory in early April and were held at 4-5° 
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for 4-7 weeks until hatch was desired. Then, the egg mass hairs 
were vacuumed off and (for the rearing studies only) the eggs were 
surface-sterilized for 10 min in 0.5% sodium hypochlorite. Eggs 
were held at 25° pending hatch. 
Dispersal 
Adult female gypsy moths do not fly, and dispersal occurs 
primarily through ballooning (i.e. young larvae drop on silk 
threads and are carried by the wind). First instars were allowed 
to attempt dispersal from branches of previously defoliated and 
undefoliated red oak trees. Newly eclosed larvae (0-1 day old) 
were marked lightly with fluorescent dust and were transferred into 
twelve 80 mm diameter petri dishes (20-25 larvae per dish). The 
dishes were held overnight in an outdoor insectary. The following 
morning, one dish was tied to a shaded branch (at 1-2 m from the 
tip) on each of three 7-12 m red oaks in four sites with varying 
histones of defoliation (see Table 1). in 1982, twelve branches 
were used repeatedly for 8 releases. in 1983, different branches 
were selected for each of 9 releases. After each dish was placed, 
any native larvae were removed from the branch, and a 5 mm hole in 
the side of the dish was uncovered to allow the larvae to escape. 
The branch was banded with double-sided sticky tape at a point just 
proximal to the dish, and any adjoining foliage was removed; this 
prevented larvae from crawling off of the branch. After 24 h, all 
larvae on the branches were returned to the laboratory and were 
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checked, using a short-wave u.v. source when necessary, for the 
presence of fluorescent dust. These tests were carried out during 
May, in the 2-3 weeks following budbreak of red oaks. 
Suitability 
Larvae were reared in the laboratory on excised red oak 
foliage. In both 1982 and 1983, the foliage collection sites 
included two areas that had been heavily defoliated in the year 
prior to the study and two other areas that had no recent histories 
of defoliation. In 1983, two of the sites (one previously 
defoliated and one not) were ca. 80% defoliated during the course 
of the rearing study (defoliation was estimated subjectively). 
In 1982, larvae were held individually in 180 ml plastic cups 
(paper lids) and were provided daily with 1-2 leaves (leaf clusters 
were used until foliage was ca. 50% expanded). in 1983, larvae 
were held at five per 480 ml unwaxed paper cup; short twigs 
containing 1-2 leaf clusters were placed into water-filled plastic 
vials that had been pushed through the bottoms of the cups. The 
foliage was replaced every other day throughout larval development. 
In both years, rearing was started during the peak period of 
gypsy moth hatch in the field, in 1983, a second group of larvae 
was started 3 weeks later than the first. Young gypsy moth larvae 
have difficulty establishing feeding on the relatively mature 
foliage that was available at that time, and so the latter larvae 
were provided with artificial diet (Bell et al. 1981) for 10 days 
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(most had reached the third instar) before being switched to 
foliage. 
Rearing was conducted at 24 + 1°, 50-60% RH and 0500-2100 
Pp. All foliage was surface-sterilized (5 min in 0.2% sodium 
hypochlorite) before being placed in the cups. After 25 days the 
cups were checked for pupation on a daily basis. Wet weights were 
taken when pupae were 6+1 days old. 
Food utilization efficiency 
Larvae were reared, as described above, on leaves from the 
various sites. Newly molted fifth instars were weighed, placed 
individually into 180 ml plastic cups, and provided daily with a 
known amount of red oak foliage. Two methods were used to estimate 
the amount of food given to each larva. In 1982, two symmetrical 
portions were cut from each leaf; one portion was given to a larva, 
and the other was saved for dry weight determination. In 1983, the 
areas of whole leaves were measured using a Li-Cor electronic 
planimeter. On each day, ten additional leaves from each site were 
measured, dried (2 weeks at 60°) and weighed; the resulting 
regression formulae were used to estimate dry weight from the areas 
of the leaves that had been fed to the larvae. 
In 1982, half (20) of the larvae that had been taken from each 
rearing treatment (i.e. foliage from either previously defoliated 
or undefoliated trees) were switched to the opposite diet at the 
start of the fifth instar. In 1983, all feeding efficiency tests 
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were carried out using the type of foliage on which the larvae had 
been reared. 
Frass and uneaten food were retained, dried (two weeks at 
60°) and weighed. When larvae either spun up for pupation 
(males) or began to molt to the sixth larval instar (females), they 
also were dried and weighed. In each year, 20-30 additional larvae 
were sacrificed at the beginning of the fifth instar to obtain a 
percent dry matter for estimating the initial dry weights of the 
larvae used in the study. 
Utilization indices were computed using the following formulae 
(Waldbauer 1968): 
AD = Approximate Digestibility = 
EC I = 
Efficiency of Conversion 
of Ingested food 
food ingested - frass 
food ingested X 100 
weight gain 
food ingested X 100 
RGR = Relative Growth Rate = -ln (fina]r. wt•) ~ In (initial wt.) 
days m the fifth instar 
RGR 
RCR = Relative Consumption Rate = x 100 
Results and Conclusions 
Dispersal 
The proportions of larvae that remained on branches after 24 h 
did not appear to be influenced by previous defoliation at the test 
sites (Table 8); however, in both years, dispersal was lower at 
Site 1 than at any of the other sites. In 1982, phenology was not 
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Table 8. Percentages of marked first instar gypsy moth larvae 
which remained on black oak branches for 24 h. 
Percent defoliation1 2 
Release yr. of 
location -2 yr. -1 yr. study 
x% of larvae 
n of x larvae recaptured 
releases released (+ S. E.)^ 
1982 
Site 1 <20 <20 <20 23 20.3 47.6 + 3.5 a 
Site 2 <20 <20 <20 24 19.8 37.9 + 3.7 b 
Site 3 30 100 20 24 20.0 39.1 + 3.5 b 
Site 4 20 100 20 24 19.5 36.6 + 3.3 b 
1983 
Site 1 <20 <20 40 28 14.6 45.5 + 4.6 a 
Site 5 <20 20 60 27 14.4 34.4 + 6.6 b 
Site 6 30 100 <20 27 15.2 35.7 + 4.3 b 
Site 7 20 70 80 25 14.6 31.1 + 4.0 b 
1 Subjective estimates of defoliation at the release sites during the 
season of the test and one and two years prior to the testing. 
2 Within a each years' data, means that are not followed by the same 
letter are significantly different (p<0.05), as determined by the 
Student-Neuman-Keuls test. 
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quantified, but leaf expansion at Site 1 appearred to be relatively 
late. Leaf age can affect the acceptability of oak foliage (Feeny 
1970, Futuyma and Wasserman 1980) and thus could influence 
dispersal (Lance and Barbosa 1981). In 1983, we measured the 
length of five "randomly" selected leaves per branch on each 
release date but found that, during the test period, mean leaf 
length at Site 1 was significantly longer (overall mean = 38 mm) 
than it was at Site 5 (27 mm) or Site 6 (29 mm; p < 0.01). Leaf 
expansion was earliest at Site 7 (mean length = 43 mm). 
Temperature also affected dispersal - there was a significant 
negative correlation between the temperature on the day of 
recapture and the numbers of larvae that remained on the branches 
(corr. coeff. = -0.32; p< 0.01). We did not measure temperature in 
the individual plots; however, we have no reason to suspect that 
Site 1 was cooler than the others. The relatively infrequent 
dispersal at Site 1 most likely resulted from variable stand 
conditions that produced intersite differences in leaf quality. 
Feeding studies 
Percent survival of first instars was reduced 6-23% when 
larvae were given foliage from trees that had been defoliated in 
the previous year (Tables 9 and 10). Leaves from post-collapse 
sites (Sites 3 and 4 in Table 9; 6 in Table 10) were otherwise as 
suitable as leaves from low-density sites (1 and 2 in Table 9; 8 in 
Table 10 - compare pupal weights and development rates). Because 
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utilization indices for post-collapse foliage also were similar to 
those for low-density foliage (Table 11), we believe that 
defoliation had very little long-term effect on the quality of the 
mature oak leaves. 
In contrast, larvae showed relatively poor development when 
they were provided with leaves from heavily attacked trees. Pupal 
weights were significantly reduced (by 22%) when females were fed 
on foliage from a stand (Site 9) that was heavily defoliated only 
in the year of the study (Table 10). Foliage from the 
twice-defoliated stand (Site 7) was the least suitable, as it 
resulted in the lowest pupal weights (32% below controls) and 
longest development times. Accordingly, growth rates and 
conversion of ingested food were significantly lower for larvae on 
outbreak foliage (Table 11); these reductions appeared to be 
related to a decline in digestibility, but high variability 
precluded any statistical significance in the AD values. 
Consumption rates (Table 11) and survival of established larvae 
(Tables 9 and 10) did not vary significantly with site defoliation 
history. 
The previously discussed larvae completed development 1-4 
weeks ahead of larvae in the field (the rearing temperature was 
somewhat higher than average field temperatures). However, 
compared to larvae in Sites 7 and 9, completion of development was 
1-3 weeks late among the individuals that were set up 3 weeks after 
peak field hatch. The development of these larvae suggested an 
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Table 11. Food utilization indices for fifth instar gypsy moth 
larvae on leaves of red oak trees with varying histories of 
defoliation. 
Type of 
foliage^ Utilization indices (+ S.E.)^ 
Rear Test n AD EC I RGR RCR 
1982 
ND ND 20 22.0+1.6 8.35+0.21 0.155+0.004 1.84+0.05 
ND PD 19 23.4+1.3 8.40+0.35 0.149+0.008 1.77+0.05 
PD ND 18 22.5+0.8 8.76+0.35 0.159+0.006 1.80+0.05 
PD PD 19 20.0+0.9 8.39+0.28 0.151+0.007 1.80+0.05 
1983 
ND ND 19 21.6+2.2 a 5.08+0.30 a 0.081+0.007 a 1.57+0.06 a 
DEF DEF 12 15.3+2.8 a 3.29+0.18 b 0.053+0.004 b 1.62+0.06 a 
PD PD 13 21.4+3.3 a 4.44+0.31 a 0.073+0.007 a 1.65+0.10 a 
1 ND = Not Defoliated = Sites 1, 2 (1982), and 3 (1983) . 
PD = Previously Defoliated = Sites 3, 4 (1982), and 6 (1983) 
DEF = DEFoliated both years = Site 7 
^ See text for computation of utilization indices. in 1982, there 
were no significant differences in indices; within a column for 
1983 data, means not followed by the same letter are significantly 
different (p< 0.05; Student-Neuman-Keuls test). Arcsin squareroot 
transformation was used prior to ANOVA; actual means are shown. 
96 
overall decline in foliage quality during the test period (Table 
12; compare values with Table 10), despite the fact that they were 
started on a diet that normally produces pupal weights ca. twice as 
large as foliar diets (Chapter IV). With the older leaves, 
defoliation also had a greater relative effect on development, 
causing a 42% reduction in female pupal weight and a ca. 9 day 
extension in development time. 
Discussion 
Gypsy moth populations are subject to violent numerical 
fluctuations. Predation, parasitism, disease and dispersal play 
important roles in various phases of the gypsy moth population 
cycle (Bess 1961, Campbell 1963, 1967, 1976, Campbell and Sloan 
1977), but our knowledge of these processes remains far from 
complete. This has led other workers to investigate "less 
conventional" influences on gypsy moth population dynamics, 
including possible self-regulatory mechanisms (Leonard 1970b), 
population quality (Leonard 1970b, Capinera and Barbosa 1976, 
Chapter IV) and, most recently, defoliation—induced declines in 
leaf quality (Schultz and Baldwin 1982, Valentine et al. 1983). 
Leonard (1969, 1970b) suggested that gypsy moth populations 
are numerically self-regulated through density-related changes in 
population quality. Females in high-density populations were 
thought to produce a high proportion of small, nutrient-deficient 
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Table 12. Development of gypsy moth larvae that were reared on 
artificial diet for 12 days before being tranferred to excised red 
oak foliage1 2. 
Mean male development2 Mean female development2 
Foliage 
collection 
site3 n 
days as 
larvae 
pupal wt. 
(mg. wet) n 
days as 
larvae 
pupal wt. 
(mg. wet) 
Site 8 47 36.3+0.4 289.6+15.2 40 45.3+0.6 561.8+25.4 
Site 7 19 45.2+0.7 182.6+ 5.9 25 54.6+0.8 323.9+11.9 
1 Test was initiated ca. 3 weeks after peak hatch of gypsy moth 
larvae in the field. 
2 In all cases, means for the different foliage treatments were 
significantly different from one another (p<0.05), as determined 
by ANOVA. 
3 Site 7 was 70-80% defoliated (subjective estimate) in both the 
year prior to the test and during the year of the test; Site 8 
had no recent history of defoliation. 
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eggs; first instars from smaller eggs appearred to be more active 
and highly prone to repeated attempts at dispersal, thus reducing 
local population levels. When this theory was later tested, larvae 
from larger eggs dispersed more readily (Capinera and Barbosa 
1976), and the size of field-collected eggs did not appear to be 
closely related to population density (Capinera and Barbosa 1977, 
Richerson et al. 1978). In a preliminary study, there were no 
significant differences in the overall tendency to disperse among 
first instars that had been collected (as eggs) from four 
different-density populations (D. Lance, unpublished data). 
Results of the present study further suggest that larval 
dispersal is not affected by a tree's recent defoliation history. 
We believe that our assay was sensitive enough to detect 
foliage-mediated variation in larval behavior; consistent intersite 
variation occurred in both years, and, in another similar study, 
larvae on red maple saplings (Acer rubrum L., a marginal host for 
gypsy moths) were found to disperse more readily than those on red 
oak (Lance 1983). For first instar dispersal rates to increase 
with population density, the tendency to disperse would have to be 
mediated directly via contact with other larvae or products 
produced by larvae (e.g. silk). This mechanism has not been tested 
conclusively (but see Semevsky 1971). Further, although the 
incidence of dispersal can be strongly affected by food quality 
(Lance and Barbosa 1981), weather patterns and topography may be 
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more important in determining the post-dispersal distribution of 
larvae (McManus and Mason 1983). 
In the field, gypsy moths show a pronounced density-correlated 
decline in fecundity. By suggesting that this relationship was an 
adaptive mechanism to avoid further growth of high-density 
populations, Campbell (1978) implied that it was a mechanism of 
numerical self-regulation (also see Wallner and Walton 1979) . 
Campbell did not suggest (and we do not believe) that 
density-correlated declines in fecundity reduce the incidence of 
gypsy moth outbreaks. Further, due to the evolutionary advantages 
of "cheating" (i.e. not reducing fecundity in response to 
increasing density; see Williams 1966), we find if difficult to 
envision selective processes that would lead to numerical 
self-regulation of high-density populations. Within individual 
stands, gypsy moth outbreaks inevitably collapse after 1-2 years. 
These collapses often occur within a single generation and are 
typically caused by epidemics of disease, with a nucleopolyhedrosis 
virus being the most prominent agent (Bess 1961, Campbell 1963, 
1967). All other things equal, low fecundity would reduce the odds 
that some of a female's offspring would either survive the epidemic 
or disperse to less crowded areas. As stated by Haukioja et al. 
(1983), "Explanations [of herbivore population cycles] based on 
self-regulation of populations do not seem to be necessary although 
we agree that observations which can be interpreted as 
self-regulation are easily found." We believe this to be the case 
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for the gypsy moth. During outbreaks, defoliation-induced declines 
in leaf quality cause at least a portion of the reduction in female 
pupal weight (and thus fecundity). In a series of studies in which 
gypsy moth larvae were caged on black oaks, one and two years of 
artificial defoliation resulted in 10-25% and 15-30% reductions, 
respectively, in female pupal weight (Wallner and Walton 1979, 
Valentine et al. 1983). In our tests, female pupal weight was 
reduced by 22% and 32% when larvae were reared on leaves from red 
oak trees that had been naturally defoliated for one and two 
seasons. Campbell (1978) provided evidence that factors other than 
food quality may be involved: he documented density-correlated 
declines in fecundity in areas where defoliation appeared to be too 
low (<5%) to cause significant declines in leaf quality. In 
laboratory tests, crowding and crowding-correlated environmental 
changes have been shown to reduce gypsy moth pupal weights (Leonard 
1968, Chapter IV). This could be construed as support for the 
existence of a self-regulatory mechanism, but again may be simply a 
manifestation of larval stress. Regardless, in the field, crowding 
plays a poorly understood and perhaps minor role in determining 
fecundity (Chapter IV). 
Several authors have proposed that herbivore population 
processes may be strongly influenced by facultative defenses of 
woody plants (e.g. Batzli 1983, Haukioja et al. 1983, Fox and 
Bryant 1984), but the magnitudes and mechanisms of these influences 
are not well established. Myers and Williams (1984) stated that 
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facultative defenses probably are not important in stopping 
low-level herbivore populations from reaching outbreak 
proportions. They further proposed that defoliation—induced 
changes in leaf quality may be merely the plants' normal responses 
to stress rather than evolved anti-herbivore mechanisms. Valentine 
et al. (1983) attributed at least a part of a decline in black oak 
leaf quality to the low free sugar content in the leaves of 
artificially defoliated trees. They suggested that defoliation 
reduces the area of individual leaves and thus the rate of 
photosynthesis, but does not affect the rate at which sugar is 
translocated out of the leaf. Tuomi et al. (1984) suggested that 
fixed carbon is channeled into the production of secondary 
compounds when defoliation removes nutrients that are necessary for 
converting photosynthate into growth. This could explain why leaf 
quality often continues to decline in response to two or more 
repeated defoliations (also see Werner 1979, Valentine et al. 
1983), but it does not preclude an herbivore-mediated influence on 
which compounds are produced. Tree mortality increases sharply in 
« 
response to 2 or more consecutive defoliations (Wargo 1981) - 
inducible defenses could be viewed as advantageous if they caused 
herbivores to avoid individual plants (Moran and Hamilton 1980) , 
hastened the collapse of high-density populations, and/or 
lengthened the period between outbreaks. 
Aside from declines in gypsy moth fecundity, facultative plant 
"defenses" may reduce the survival both of late instar larvae 
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(Wallner and Walton 1979) and, in the year(s) following 
defoliation, of first instars. However, given that parasite and 
predator pressures are relaxed during outbreaks (Bess 1961, 
Campbell 1967), facultative defenses do not appear to be capable of 
directly causing the collapse of high-density gypsy moth 
populations. In contrast, defoliation-related declines in food 
quality do have a pronouced effect on larval quality. For example, 
they appear to result in a density-related shift in larval feeding 
rhythms (Chapter V) and also affect other aspects of feeding 
behavior (Chapter III) . Certain changes in gypsy moth quality can 
carry over from generation to generation (Leonard 1970b, Capinera 
and Barbosa 1976), and there is some evidence to suggest that poor 
quality food has a much more pronounced effect when gypsy moths are 
exposed to it repeatedly for two or more seasons (Schmidt 1956) . 
It is also possible (though untested) that declines in food quality 
make larvae more susceptible to disease. If defoliation-related 
changes in leaf quality hasten the collapse of gypsy moth 
outbreaks, they probably operate primarily through indirect effects 
on larval quality. 
In other plant - herbivore systems, researchers have found 
that 3-10 years are required for the full recovery of the food 
quality of woody plants (Haukioja 1980, Fox and Bryant 1984). This 
phenomenon has been used to explain why the period between peaks of 
certain herbivore population cycles is longer than would be 
predicted simply on the basis of predator/prey interactions or 
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boom/bust cycles. When we reared larvae on post-collapse foliage, 
first instar mortality was somewhat higher than normal, but 
development was otherwise similar to that of larvae that were 
reared on the foliage of trees with no recent history of 
defoliation. While there is little information on the long-term 
effects of defoliation on gypsy moth populations, we do not believe 
that defoliation-related declines in leaf quality are an important 
determinant of the length of time between gypsy moth outbreaks. 
CHAPTER VII 
POPULATION DENSITY, MICROHABITAT AND 
DEVELOPMENT TIME IN LARVAE OF THE GYPSY MOTH 
Introduction 
The gypsy moth periodically defoliates large areas of 
deciduous woodlands in the northeastern United States. During 
these outbreaks, larvae develop up to 3 weeks faster than they do 
in low-level (innocuous) populations (Campbell 1978). Some authors 
(e.g., Leonard 1968, Campbell 1978) have suggested that this 
accelerated development may be a response to larval crowding, but 
laboratory data have not supported this contention (Leonard 1968, 
Chapter IV). 
Temperature is known to affect the development rate of 
insects. Microhabitat can have a profound effect on insect 
temperatures, and some lepidopterous larvae thermoregulate by 
altering their microhabitat and/or their orientation to the sun 
(Wellington 1949, Casey 1976). In innocuous populations, gypsy 
moth larvae feed at night but rest during the day in protected 
sites near the bases of trees (e.g., in the litter, under bark 
flaps or in crevices in the bark). During outbreaks, larvae remain 
in the canopy throughout the day and night (Campbell and Sloan 
1976, Chapter III). Further, as defoliation opens the canopy, it 
becomes increasingly likely that larvae will be exposed to 
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sunlight. In this study, we have examined the temperatures of 
gypsy moth larvae in high and low-density populations, as well as 
the effects of several temperature regimes on larval development 
rates in the laboratory. 
Materials and Methods 
Field studies were carried out in an outbreak population 
within Otis Air National Guard Base, Massachusetts, and in an 
innocuous population in Crane Wildlife Management Area, Falmouth, 
Massachusetts. Both sites consist of mixed woodlands dominated by 
6-11 m high black oak (Quercus velvtina Lam.), red oak (Q. rubra 
L.), scarlet oak (Q. coccinea Muenchh.), white oak (Q^_ alba L.) and 
pitch pine (Pinus rigida Mill.). At the outbreak site, almost all 
larvae spent the day in the canopy and the oaks were ca. 80% 
defoliated by the time pupation occurred. Defoliation at the 
endemic site was very light and larvae spent the day resting in 
sites near the bases of the trees. 
Temperatures of larvae (Tb) were measured to the nearest 
0.1°C, using a Baily BAT-8 thermometer with a microthermister 
probe. The probe was applied to a fold in the dorsal integument 
and the temperature was allowed to stabilize for several seconds 
before a reading was taken. Other investigators have found that 
surface temperature is a reliable indicator of the internal 
temperature of lepidopterous larvae (Casey 1976). After reading 
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the temperature of each larva, ambient temperature (T^) was 
measured by rapidly revolving the probe on a ca. 0.5 m radius until 
the temperature stabilized. For each larva, the following data 
were recorded: height off of the ground, degree of insolation, 
structure on which the larva was located, activity in which the 
larva was engaged, larval instar (determined subjectively), and 
time of day. Also, cloud cover was subjectively estimated before 
taking temperature readings at each site. Wind speed was not 
quantified, although it also is known to affect the temperatures of 
larvae (Digby 1955, Shepherd 1958). On seven occasions, all 
temperature readings at both sites were made within a period of 90 
minutes; the resulting data were used for inter-population 
comparisons. Scaffolding of 5 cm diameter pipes was built around 
trees to allow access to the canopy. 
In the laboratory, larvae were reared on artificial diet (Bell 
et al. 1981) at eight per 180 ml container under several 
temperature regimes. During June, 1982, on Otis Air Base, mean 
o o 
temperatures were 15 C between 2100 and 0700 h, and 20 from 
0700 to 2100 h. For rearing, a 12:12 h thermoperiod of 15°:20° 
was used as the control temperature regime. Even in innocuous 
populations, larvae remain in the canopy for the first 2-3 stadia 
(Campbell 1978). Thus, all larvae were held under the same 
temperature regime (15°:20°) for 20 days, at which point most 
of the larvae were 3rd instars. Then, groups of larvae were 
transferred to 12:12 h thermoperiods of 15°:22° and 
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15°:24°. These temperature regimes were designed to reflect 
the differences in the temperatures of larvae in outbreak vs. 
innocuous populations (see below). After 40 days, the rearing 
containers were checked for pupation on a daily basis. 
Results and Discussion 
Over a period of 12 days, the temperatures of 366 larvae were 
measured. On sunny days, larvae in the outbreak population were 
2°-6° above ambient (T -T ), while larvae from the b a 
innocuous population were near ambient (Table 13). On cloudy days 
(e.g., July 5), all larvae were near ambient and the difference 
between populations was less pronounced or absent. Similarly, at 
night all of our measurements of larval temperatures fell within 
the range of T + 0.7° (n=30), regardless of site. 
cl 
In the innocuous population, almost all larvae were in the 
shade; however, larval temperatures did vary with microhabitat. 
For larvae under bark flaps, T^-T averaged -0.80° (n=21) , 
while larvae in bark fissures (+0.04, n=74) and in the litter 
(+0.63, n=30) were slightly warmer than ambient; these 3 means were 
significantly different from one another (Student-Newman-Keuls 
test, p < 0.05). 
On sunny days in the outbreak population, larvae which were 
fully exposed to sunlight were an average of 3.1° above ambient 
(n=45), while shaded larvae had a mean T, _m n l0 b Ta ot 1.3 (0=73). 
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Other larvae were either half in and half out of the shade, or were 
alternately in and out of the sun as overhead leaves moved in the 
wind; for these partially insolated larvae, Tb”Ta avera9e<^ 
+2.6° (n=42). The means from the 3 insolation categories were 
statistically distinct (S.N.K. test, p<0.05). 
On 4 days at the outbreak site, we measured the temperatures 
of larvae that were resting in locations similar to those utilized 
by larvae in innocuous populations (i.e., in the litter or low on 
o 
the boles of trees). For these larvae, T -T was 1.3 b a 
(n=20), which was significantly lower (p <0.001) than T -T for 
O 3 
the larvae in the canopy on those same 4 days (2.1°, n=54) . On 3 
of these 4 days, temperatures also were measured for larvae on tree 
boles at the low-density site. On 2 of the 3 days, T -T was 
b a 
significantly (p<0.01) lower for larvae in the innocuous 
populations as compared to larvae that were low on the boles of 
trees at the outbreak site (0.6° and -0.5° at the low-density 
site vs. 1.5° and 2.2° at the outbreak site, respectively). 
The third day (July 7, a.m.) was overcast and the difference 
between sites was negligible. Thus the higher temperatures of 
larvae in outbreaks appear to result from both the difference in 
the locations of the larvae and the increase in the amount of 
sunlight penetrating the canopy. Within the canopy at the outbreak 
site, larval temperature did not vary significantly with height off 
of the ground, plant structure on which the larva was situated 
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(leaf, twig or branch), or activity in which the larvae was engaged 
(resting, crawling or feeding). 
In a number of lepidopterous species, larvae thermoregulate 
through microhabitat selection or by changing their posture with 
respect to incoming thermal radiation (Wellington 1949, Edwards 
1964, 1965, Casey 1976, Capinera et al. 1980) . In our observations 
in the outbreak population, gypsy moth larvae did not appear to 
respond to cool weather by "basking" in the sunlight. We did not 
attempt to characterize minor variations in the postures of the 
larvae, although they can have significant effects on the 
temperatures of gypsy moth larvae that are exposed to thermal 
radiation (Casey and Hegel 1981). However, larval temperature did 
not increase with decreasing ambient temperature (e.g., see Table 
13), which indicates that the larvae were probably not using 
posture to maintain an "optimal" temperature. Still, positional 
thermoregulation may be important when ambient temperatures are 
more extreme than those encountered in this study. 
When larvae were exposed to a 15°:22° or a 15°:24° 
temperature regime in the laboratory, they developed 1 or 2 weeks 
faster, respectively, compared to larvae from the 15°:20° 
control group (Table 14). These differences in development time 
are comparable to those observed between high and low-density 
populations in the field (Campbell 1978, D. R. Lance personal 
observation). Thus, density—related differences in development 
Ill 
Table 14. Effect of temperature on development time in 
laboratory-reared gypsy moth larvae. 
Rearing 
temperatures^ Male development Female development 
0700- 1900- n of Mean days n of Mean days 
1900h 0700h larvae as larvae1 2 larvae as larvae2 
20° 15° 78 64.4 + 0.82 a 53 69.6 + 0.86 a 
22° 15° 76 56.1 + 0.89 b 66 60.4 + 0.71 b 
24° 15° 88 51.2 + 0.37 c 51 55.0 + 0.47 c 
1 For the first 20 days of development, larvae from all 3 
treatments were under a 15°:20° thermoperiod. 
2 Within a column, means that are not followed by the same letter 
are significantly different (p<0.05; Student-Newman-Keuls test). 
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time appear to result largely from the change in microhabitat that 
occurs as population increases. 
Diet quality and larval density also have been suspected as 
factors that potentially could affect development rate. Leonard 
(1968) found that crowded gypsy moth larvae developed several days 
faster than isolated individuals when rates were compared between 
larvae undergoing the same numbers of instars prior to pupation. A 
higher proportion of the crowded larvae underwent extra-numerary 
molts, and development time increased with the number of stadia. 
We averaged these data for all larvae within each rearing treatment 
(which would be more relevant to the field situation), and found no 
clear relationship between larval density and development time. In 
one of the paper's two tests, crowded larvae developed 1.3 (males) 
and 1.2 (females) days faster; in the other, they developed 1.4 
(males) and 6.2 (females) more slowly. in our own tests, isolated 
larvae completed development 0.2-2.9 days earlier than larvae that 
were reared at ten per 180 ml container (Chapter IV). In the 
field, larval density per se probably has an insignificant effect 
on gypsy moth development rate. 
Differences in diet quality also are not likely to result in 
the relatively rapid development which occurs during outbreaks. 
Defoliation-induced changes in oak leaf chemistry cause foliage 
quality to decline as defoliation proceeds (Wallner and Walton 
1979, Schultz and Baldwin 1982, Valentine et al. 1983, Chapter 
VI). Exhaustion of local food supplies and utilization of 
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secondary hosts also can act to reduce diet quality (Barbosa and 
Greenblatt 1979, Chapter III). For gypsy moth larvae, these 
declines in food quality typically act to extend development time; 
however, an ongoing decline in food quality may tend to favor 
larvae which are capable of developing rapidly (i.e, before food 
quality becomes extremely poor and/or food supplies are exhausted). 
When larvae spend the day resting in relatively protected 
sites, they are less likely to be located by parasitoids and avian 
predators (Campbell and Sloan 1976). These natural enemies are 
important in maintaining populations at endemic levels. However, 
during outbreaks, a nuclear polyhedrosis virus is typically the 
major mortality agent of the late instars (Campbell 1967, Campbell 
and Sloan 1978a). Within the temperature ranges observed in this 
study, an increase in environmental temperature does not appear to 
increase the susceptibility of larvae to the virus (Yadava 1970, 
Shapiro et al. 1981). Warmer temperatures do increase the rate of 
viral incubation, but it only increases in proportion to the 
increased rate of development (Shapiro et al. 1981). Because viral 
mortality (and consequently, viral inoculum) is typically highest 
in the late stages of larval development (Doane 1970) , we agree 
with Campbell (1978) in suggesting that, within a given outbreak 
population, slowly developing larvae would have an increased risk 
of ingesting a large dose of viral inoculum. By remaining in a 
warm habitat (the canopy) during the day, larvae may have a better 
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chance of pupating before being exposed to lethal doses of virus. 
The gypsy moth larvae's density-related shift in microhabitat 
selection appears to have implications for avoiding natural enemies 
(Campbell and Sloan 1976) and perhaps for assimilating poor quality 
food (see Chapter V). The possible advantages of rapid development 
during an outbreak also may have selected for larvae that change 
their daytime microhabitat preference as populations increase. 
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